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THEORY  OF  SHIP  MOTIONS  IN  REGULAR  HEAD  SEAS 


B.  V.  Korvln-Kroukovsky 
Professor  Emeritus  -  Consultant 
Stevens  Institute  of  Technology 


This  paper  and  a  following  one  are  concerned  with  the 
quantitative  prediction  of  a  ship's  behavior  at  sea  In  the 
drawing  board  stage  of  ship  design.  This  problem  Is  too 
broad  and  complicated  to  be  solved  In  its  entirety  and  It  Is 
necessary  to  subdivide  it  Into  a  number  of  smaller  and  simpler 
problems,  which  can  be  solved  one  by  one.  The  first  and 
major  subdivision  is  Into  the  ship  motions  In  regular  (unlfom) 
waves  and  the  motions  In  realistic  sea  waves,  which  are  always 
Irregular.  The  first  problem,  that  of  motions  In  regular 
long-crested  waves.  Is  solved  by  the  methods  available  In  the 
dynamics  of  rigid  bodies  and  in  hydrodynamics.  The  effects 
of  a  ship's  form  and  weight  distribution  on  ship  motions  are 
established  In  this  solution.  The  second  problem,  that  of 
motions  In  Irregular  waves.  Is  solved  purely  mathematically, 
by  statistical  operations  on  the  solutions  of  the  first 
problem,  together  with  the  statistical  description  of  sea 
waves.  The  exposition  of  these  methods  will  be  given  by 
Prof.  E.  V.  Lewis  In  the  following  paper. 

However,  even  after  the  foregoing  division  of  the 
general  problem,  the  first  problem,  that  of  motions  In  regular 
waves.  Is  still  too  complicated  and  has  to  be  further  sub¬ 
divided.  Following  the  general  methods  of  rigid  mechanics, 
a  complex  ship  motion  is  considered  as  composed  of  six  conqpo- 
nents —  three  translational  ones:  surging,  side- sway  and 
heaving  along  x,  y,  and  z  axes;  and  three  rotational  ones: 
rolling,  pitching  and  yawing  about  x,  y,  and  z  axes.  The 
general  problem  can  be  simplified  by  considering  first  the 
case  of  a  ship  in  head  seas.  In  which  case  It  surges,  heaves 
and  pitches,  but  the  side- sway,  rolling  and  yawing  can  be 
assumed  to  be  absent.  From  now  on  we  will  focus  our 
attention  on  this  limited  and  Idealized  case  of  ship  motions 
In  regular,  long- crested,  head-on  or  following  seas. 

Numerous  preliminary  studies  have  indicated  that  surging 
motions  have  negligible  effect  on  heaving  and  pitching,  so 
that  attention  can  be  concentrated  on  these  two  motions,  which 
occur  simultaneously  In  waves  and  affect  each  other.  The 
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analysis  of  a  body's  motion  must  invariably  start  with 
Newton's  second  law: 


and 


where: 


mz  »  Z  for  heaving 


j5  «  M  for  pitching 
m  is  a  ship's  mass« 


(1) 


J  is  a  ship's  moment  of  inertia  about  lateral  or 
y  axis« 

z  is  the  acceleration  along  vertical  or  z  axls« 

6  is  the  angular  acceleration  in  pitching,  l.e. 
about  y  axis, 

Z  is  the  total  water-caused  force  along  z  axis,  l.e. 
heaving  force. 


M  is  the  total  water-caused  moment  about  y  axis,  l.e. 
pitching  moment. 


In  the  present  study  we  are  concerned  with  oscillation 
of  ships,  and  only  forces  and  moments  causing  and  resulting 
from  oscillations,  will  be  considered.  Steady,  constantly 
acting  forces,  such  as  gravity,  buoyancy,  and  a  uniform  suc¬ 
tion  force  resulting  from  the  forward  ship  motion  will  be 
excluded. 


Various  more  or  less  complicated  methods  are  available 
for  evaluating  the  water-caused  force  Z  and  moment  M,  but 
they  all  lead  to  the  solution  In  the  form  of  polynomials,  in 
which  various  terms  are  proportional  to  the  displacement  from 
equilibrium,  z  and  9  body  velocities,  i  and  d  ,  and  body 
accelerations,  ^  and  6,  and  likewise  the  water  surface  eleva¬ 
tion  In  waves,  tj,  vertical  surface  velocity  and  accelera¬ 
tion  When  these  polynomials  are  Inserted  In  eqs.l,  the 
terms  connected  with  body  motions  are  transferred  to  the  left- 
hand  side,  and  those  connected  with  waves  to  the  right-hand 
side.  Then  eqs.  1  take  the  expanded  form: 


az  +  bi  +  cz  +  d0  +  e0  +  g0  =  5*e^^ 
A0  +  BO  +  ce  +  Dz  +  E4  +  az  = 


(2) 


The  wave- caused  forces  on  the  right-hand  sides  of  these 
equations  could  have  been  written  in  the  same  form  as  the 
left-hancj.  side,  l.e.  In  terms  or  7j,  77,  and  t],  but  the  relation¬ 
ship  among  these  three  functions  of  wave  elevation  77. Is  uniquely 
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defined  In  the  classical  theory  of  waves;  their  effect  on 
a  ship  can  be  combined,  therefore.  In  one  compact  expression. 

The  symbols  P  and  fl  In  eqs.  2  are  "complex  amplitudes" 
of  oscillatory  wave-caused  force  and  moment,  l.e.,the  quantl- 
tatles  defining  both  the  magnitudes  and  phase  lags  of  these 
quantities  with  respect  to  the  wave  causing  them.  In  writing 
eqs.  2  It  was  understood  that  real  parts  of  the  right-hand 
sides  are  to  be  taken,  so  that  these  can  be  re-wrltten  as 


Re  =  Re(PQe^‘^)  e^“^  =  cos  (ot  +a  ) 

Re  =  ReCM^e^'^)  e^“^  =  cos  (tot  +  t) 


(3) 


The  use  of  the  complex  forme  for  the  right-hand  sides  of 
eqs.  2  simplifies  the  solution  of  these  equations.  The  solu¬ 
tion  Is  a  simple  matter  and  Is  found  In  ref.  13.  In  this 
paper,  therefore,  attention  will  be  concentrated  on  the  physical 
nature  of  various  coefficients  of  eqs.  2. 

The  coefficient  a  Is  evidently  a  mass,  and  the  first 
term  of  eqs.  2  can  be  rewritten  as  m2  +  m’2,  where  m  Is  the 
mass  of  a  ship.  The  term  m’2  is  the  force  caused  by  accelera¬ 
tion  of  water  particles.  These  particles  move  in  many  direc¬ 
tions  and  at  different  accelerations,  but  It  was  found  that 
the  resultant  vertical  force  acting  on  a  ship  can  be  expressed 
In  terms  of  a  flctltlons  water  mass  m’,  which  is  known  as 
"added  mass"  or  "hydrodynamic  mass."  Porter  defined  the  added 
mass  In  a  more  rigorous  form:  "The  added  mass  Is  the  ratio 
of  the  hydrodynamic  force  In  phase  with  acceleration  to  the 
acceleration.’*^^  The  total  effective  mass,  m  +  m'.  Is  known 
as  "virtual  mass."  Likewise  the  coefficient  A  Is  expanded 
as  J  +  J',  where  J  Is  the  ship's  moment  of  inertia,  and  J'  Is 
the  added  or  hydrodynamic  moment  of  Inertia. 

If  the  masses  of  a  ship  are  distributed  In  proportion 
to  the  sectional  area  curve,  the  first  term  of  eqs.  2  can  be 
written  as  m(  1  +  kg,),  where  (equal  to  the  ratio  m'/m)  Is 
known  as  the  "coefficient  of  accession  to  Inertia." 


The  magnitude  of  m'  and  kg  can  be  evaluated  for  three 
dimensional  bodies  only  in  special  cases  of  mathematical  forms, 
for  Instance,  for  ellipsoids.  Por  eui  arbitrary  ship  form  It  Is 
necessary  to  consider  a  ship  as  composed  of  a  number  of  short 
sections  of  cylindrical  bodies,  and  to  replace  a  direct  three- 
dimensional  solution  by  the  summation  of  a  number  of  two- 
dimensional  ones.  The  original  evaluation  of  kg  for  cylindrical 
bodies,  closely  resembling  practical  ship  sections,  was  made 
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by  P.  M.  Lewis. Probably  the  most  convenient  presentation 
of  these  data  will  be  found  In  the  paper  by  Landweber  and 
Macagno. 

The  values  given  by  Lewis,  Landweber,  euid  Macagno  neglect 
the  effect  of  the  surface  wave  formation  and  are  derived  on 
the  assumption  that  water  flow  at  sections  of  a  surface  ship 
Is  Identical  with  the  flow  at  a  submerged  double  body.  This 
assumption  Is  valid  for  high  frequency  of  oscillation  and 
typical  for  ship  vibration,  which  was  the  primary  Interest  of 
Lewis.  At  a  lower  frequency,  typical  for  ship  heaving  and 
pitching,  a  Correction  for  the  effect  of  surface  waves  must 
be  applied,  and  the  coefficient  of  accession  to  Inertia  Is 
expressed  as  Ursell^*  derived  the  values  of  as  a 

function  of  frequency  for  a  circular  cylinder,  and  Korvln- 
Kroukovsky  and  Jacobs^®  assumed  these  values  to  apply  to  all 
ship  forms.  Later  Tasal®^  derived  k4  values  for  ship  sections 
which  were  used  In  P.  M.  Lewis*  original  derivation  of  ka. 
Tasal’s  theoretical  derivations  were  confirmed  by  independent 
theoretical  work  of  Porter,®^  and  theoretical  work  was  verified 
by  experiments  of  Porter^^  and  of  Pauling  and  Richardson.®® 

Coefficients  b  and  B  are  known  as  "damping  coefficients." 
They  Indicate  the  rate  of  dissipation  of  kinetic  energy  from 
an  oscillating  ship.  In  the  case  of  a.  ship  osolllating  freely 
in  smooth  water,  this  dissipation  causes  gradual  decrease  of 
the  oscillation  amplitude.  In  the  case  of  sustained  oscilla¬ 
tion  In  regular  waves,  the  dissipated  energy  is  replenished 
by  the  work  of  exciting  forces,  which  appear  on  the  right- 
hand  sides  of  eqs.  2.  The  damping  may  be  caused  by  friction, 
eddy-making,  and  wave-making  resulting  from  a  ship’s  oscilla¬ 
tion.  However,  the  comparison  of  the  measured  euid  calculated 
motions  of  ship  models  indicates  that  wave-making  strongly 
predominates  over  other  causes  of  damping,  and  appears  to  be 
the  only  one  to  consider  in  practical  applications.  The  waves 
observed  at,  let  us  say,  heaving  ship  appear  to  be  complicated, 
but  theoretical  investigation  shows  them  to  be  composed  of  two 
systems:  a  complicated  standing  wave  system  In  close  prox¬ 
imity  to  a  ship,  and  a  train  of  simple  harmonic  progressive 
waves  which  propagate  away  from  a  ship  without  change  of  form. 
The  former  Is  associated  with  the  added  mass  (bringing  about 
the  k4  factor),  and  the  latter  carries  the  energy  away  from  a 
ship,  l.e.,  provides  the  damping.  It  was  found  convenient  to 
evaluate  the  damping  coefficient  in  two  steps:  first,  to 
evaluate  the  ratio  (designated  a)  of  the  oscillation-caused 
wave  height  t)  at  a  large  distance  from  a  ship  to  the  ship’s 
oscillation  amplitude.  The  second  step  was  to  express  the 
damping  coefficient  In  terms  of  A.  The  first  step  was  origi¬ 
nally  accomplished  by  Holstein®  and  Havelock"^  In  the  form 
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(4) 


A  =  2e  °  sln(k;^y) 

where  k  =  a^/g,  y  Is  the  half  beam,  and  f  =  (sectional  area)/ 
(beam)  is  the  idean  draft  of  a  ship  section.  Equation  4  was 
derived  on  the  basis  of  a  simple  but  Incomplete  theory; 
nevertheless,  it  Is  valuable  in  clearly  demonstrating  the 
strong  Influence  of  the  mean  draft,  f,  on  damping.  More 
complete  theories,  derived  later  by  Ursell,®**®®*®®  Grim,® 
and  Tasal,®®  require  extensive  numerical  calculations  to 
bring  out  results,  which  therefore  are  more  difficult  to 
appreilse.  Tasal^  also  verified  his  theory  by  experiments 
and  at  the  present  time  can  be  considered  as  the  most  reliable 
as  well  as  convenient  source  of  information  on  added  masses 
and  damping.  Tasal  confirmed  the  results  of  Ursell  and  Grim, 
except  for  the  sections  of  low  section  coefficient,  for  which 
Grim  gives  exaggerated  values. 

In  the  foregoing  references  to  Grim,  Tasal  and  Porter, 
the  work  Is  based  on  Lewis*  type  ship  sections,  l.e.,  those 
derived  by  transformation  from  a  circle.  These  sections  have 
the  property  of  being  tangent  to  a  vertical  at  waterline,  and 
to  horizontal  at  the  keel.  Mauiy  ship  sections,  however,  have 
Inclined  sides  at  LWL  and  It  was  first  thought  that  this 
feature  may  be  responsible  for  the  lack  of  agreement  among 
calculated  and  observed  ship  model  motions  in  some  cases.  In 
order  to  Investigate  this,  Kaplan  and  Jacobs^°  developed  a 
theory  applicable  to  ship  sections  sharp  at  the  keel  and  com¬ 
posed  of  parabolic  arcs,  such  as  were  used  In  theory  of  ship 
motions  by  Hasklnd.®  These  Included  straight-sided  V-forms, 
and  also  concave  sides  inclined  at  LVfL.  Tasal®®  studied 
experimentally  damping  of  Lewis’  cusped  forms  of  the  low  section 
coefficient,  as  well  as  wedges.  These  studies  Indicated 
that  Inclination  of  sides  only  slightly  reduces  damping,  and 
that  discrepancies  were  caused  primarily  by  exaggeration  of 
damping  for  low  section  coefficients  In  Grim’s  data  which 
were  used  in  Korvln-Kroukovsky  and  Jacobs 'i®  Investigation. 

Tasal  Introduced  the  term  "wedge  effect"  for  the  ratio  of 
experimentally  measured  damping  of  sections  with  Inclined 
sides  to  theoretical  damping  of  Lewis’  type  sections  of  com¬ 
parable  draft  and  section  coefficients. 

Once  A  Is  evaluated,  the  damping  coefficient  is  expres¬ 
sed  as 


N(?)  =  pg®A®/a)®  (5) 

The  symbol  N(0  Is  habitually  used  for  the  damping  of  a  ship 
section  at  a  distance  ^  from  a  ship’s  center  of  gravity.  The 
damping  coefficients  b  and  B  are  obtainea  by  Integrating  N(§) 


B.  V.  Korvln-Kroukovsky 
-5- 


values  over  the  ship's  length,  as  this  is  shown  by  eqs.  42 
in  ref.  13  ( Korvin-Ki’oukovsky  and  Jacobs). 

The  foregoing  discussion  of  the  added  mass  and  damping 
was  essentially  confined  to  two-dimensional  evaluation  for 
cylindrical  bodies,  assumed  to  be  valid  for  a  strip  of  a 
ship's  length.  The  question  now  arises:  how  reasonable  is 
the  integration  of  sectional  data  over  a  ship's  length 
neglecting  the  Interaction  of  adjacent  strips,  l.e.,  how 
Important  is  three-dimensional  effect?  Korvin-Kroukovsky^^ 
computed  by  strip  theory  the  inertial  forces  acting  on  a 
submerged  spheroid  moving  under  waves  and  found  a  satisfactory 
agreement  with  more  rigorous  theory  available  for  spheroids. 
Gerritsma^*®^  ■*  made  experiments  with  surface  ship  models  and 
found  strip  theory  computations  of  added  mass,  made  on  the 
basis  of  the  kgk^  factor,  to  be  accurate  within  about  lOJ^. 

On  the  other  hand,  these  experiments  indicated  large  uncer¬ 
tainty  of  deunping  evaluation.  Tasal,  Porter,  and  Pauling 
and  Richardson's  experiments  confirmed  the  theoretical 
evaluation  of  two-dimensional  damping.  The  inevitable  con¬ 
clusion  la  that  uncertainty  is  caused  by  three-dimensional 
effects.  Havelock®®  and  Vossers®^  evaluated  correction  fac¬ 
tors  for  three-dimensional  effect  on  the  basis  of  a  linear 
theory,  but  the  use  of  these  factors  appears  only  to  aggravate 
disagreements  among  calculated  suid  test  data.  It  seems  to 
me  that  the  linear  theory,  l.e.,  infinitely  small  motions, 
is  inadequate  in  this  case,  and  that  it  is  necessary  to  con¬ 
sider  finite  amplitudes  of  pitching. 

Additional  comments  are  needed  on  the  damping  coefficients 
b  and  B  as  they  occur  in  coupled  eqs.  2.  Were  the  two  equa¬ 
tions  uncoupled,  i.e.,  d=e=g=D=E=G=0,  the  coefficients  b  and 
B  would  simply  indicate  the  dissipation  of  energy.  In  a 
coupled  system,  however,  each  of  these  coefficients  is  com¬ 
posed  of  two  terms:  one  indicating  dissipation  of  energy,  as 
in  an  uncoupled  system,  and  the  other  indicating  treuisfer  of 
energy  from  one  mode  of  motion  to  another.  This  transfer 
usually  causes  a  certain  reduction  of  pitching  and  increase 
of  heaving  motion,  as  compared  to  an  uncoupled  system. 

Coefficients  c  and  C  of  eqs.  2  are  computed  simply  as 
changes  of  displacement  with  changes  of  section  drafts  and 
do  not  require  further  discussion. 

The  "cross- coupling"  coefficients,  d,  e,  g,  D,  E,  and  G, 
govern  the  forces  acting  on  a  mode  of  motion  but  caused  by 
another  "coupled"  one,  i.e.,  heaving  forces  caused  by  pitch¬ 
ing  motion,  and  pitching  moments  caused  by  heaving  motion. 

They  arise  because  of  the  lack  of  symmetry  of  forebody  and 
afterbody.  The  coefficients  g  and  G,  determined  by  calculating 
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the  displacement, evidently  depend  only  on  geometric  unsymmetry 
of  the  waterplane.  Other  coefficients,  however,  depend  on 
the  lack  of  symmetry  in  hydrodynamic  properties  and  usually 
will  have  a  certain  value  even  in  the  case  of  a  geometrically 
symmetric  hull.  For  Instance,  in  the  case  of  a  symmetric 
ship  moving  at  a  certain  speed,  different  forces  will  be  gen¬ 
erated  at  Identical  sections  located  at  a  distance  ^  forward 
and  aft  of  midship,  i.e.,  in  regions  of  diverging  and  con¬ 
verging  flow. 

Ship  motions  computed  on  the  basis  of  coupled  heaving 
and  pitching  eqs.  2  differ  from  the  motions  which  would  re¬ 
sult  If  the  heaving  and  pitching  were  considered  Independently 
without  accounting  for  their  mutual  Interaction,  Nevertheless, 
the  general  character  of  the  forced  harmonic  oscillation  re¬ 
mains,  as  far  as  the  amplitude  and  phase  lag  relationships 
to  the  exciting  functions  are  concerned.  For  any  given 
amplitude  of  the  wave  exciting  force  or  moment,  the  amplitudes 
of  heaving  and  pitching  rapidly  Increase  with  the  frequency 
of  wave  encounter,  reach  their  maxima  at  the  frequency 
approximately  equal  to  a  ship’s  natural  frequency  of  oscilla¬ 
tion  In  calm  water,  and  then  gradually  diminish  with  further 
Increase  of  the  exciting  frequency.  The  phase  lag  starts 
from  zero  at  a  very  low  frequency  of  wave  encounter.  Is 
approximately  90  degrees  at  synchronous  frequency,  and 
asymptotically  approaches  l8o  degrees  at  a  high  wave- encounter 
frequency.  To  this  extent  the  significance  of  the  coefficients 
a,A,b,B, c,  and  C  Is  easily  understood.  The  natural  frequency 
of  a  ship’s  oscillation,  for  instance  In  heaving.  Is 
defined  by  the  relationship 

%  =  V  °/a  (6) 

The  higher  the  restoring  moment  per  unit  of  the  mass,  c/a, 
the  higher  Is  the  natural  period.  In  any  given  wave  length, 
therefore,  the  speed  will  be  higher  where  synchronism  will 
occur.  E.  V.  Lewls^®  used  this  fact  to  show  that  slender 
ships  of  lower  displacement/length  ratio  can  maintain  a  hl^er 
speed  In  adverse  weather  than  ships  of  larger  displacement/ 
length  ratio. 

Greater  damping.  Indicated  by  higher  values  of  the  ratios 
of  coefficients  b/a  and  B/a,  Immediately  leads  to  lower  ampli¬ 
tudes  of  motions,  and,  therefore.  Is  always  desirable.  For 
Instance,  Kempf^  and  E.  V.  Lewis  obtained  large  Improvement 
In  ship  model  motions  in  waves  by  changing  from  a  U-form  to 
pronounced  V-form  (Meyer  form).  In  this  case,  favorable 
effects  of  Increased  damping  and  restoring  moment  In  pitching 
strongly  predominated  over  the  adverse  effect  of  Increased 
added  mass. 
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The  nature  of  the  variation  of  phase  lag  with  frequency 
explains  the  factj  well  known  to  mariners «  that  a  ship's 
behavior  In  adverse  weather  always  can  be  improved  by  re¬ 
duction  of  speed.  At  low  ship  speeds  the  frequency  of  en¬ 
counter  of  large  waves  Is  small«  and,  therefore,  the  phase 
lag  Is  small:  a  ship  rises  and  falls  with  the  wave.  While 
the  amplitude  of  pitching  may  be  large,  the  ship  moves  with 
the  wave,  the  relative  motion  of  the  ship's  bow  with  respect  to 
adjacent  water  Is  small,  and  the  ship  remains  dry  and  rela¬ 
tively  comfortable.  Contrary  to  this,  at  a  higher  speed, 
a  large  phase  lag  makes  the  falling  bow  Impinge  on  the  ris¬ 
ing  surface  of  the  oncoming  wave  flank,  the  relative  ship 
to  wave  velocity  Is  large,  and  this  causes  severe  Impacts 
( slamming) ,  the  subsequent  bow  Immersion,  and  shipping  of 
water. 

Contrary  to  the  evident  effects  of  the  coefficients  a, 

A,  b,  B,  c,  and  C,  outlined  In  the  foregoing,  little  Is  known 
regarding  the  effect  of  cross-coupling  coefficients,  d,  D, 
e,  E,  g,  and  0,  on  ship  motions.  It  is  clear,  however,  that 
they  affect  phase  lags,  and  In  particular  manifest  themselves 
In  modifying  the  lag  of  heaving  after  pitching.  In  uncoupled 
simple  harmonic  oscillations,  the  maximum  amplitude  of  heav¬ 
ing  occurs  90  degrees  after  that  of  pitching,  regardless  of 
the  frequency  of  wave  encounter.  Towing  tank  teste  of  ship 
models  In  waves  showed  that  In  coupled  heave-pitch  oscilla¬ 
tions  this  angle  Is  usually  reduced,  and  that  the  reduction 
Is  particularly  large  at  synchronous  frequency.  In  experi¬ 
ments  of  Akita  and  Ochl,^  the  angle  as  small  as  20  degrees 
was  recorded.  In  practice,  the  signlficauice  of  this  angle 
Is  manifested  In  the  location  of  the  "apparent  pitching  axis," 
l.e.,  a  point  on  the  length  of  a  ship  (usually  aft  of  raid- 
ships)  at  which  the  combined  vertical  motion  due  to  heaving 
and  pitching  Is  smallest.  Decrease  of  the  phase  angle  of 
heaving  after  pitching  indicates  a  movement  of  this  point 
towards  stern. 

Outside  of  the  foregoing  qualitative  discussion,  the 
significance  of  the  cross- coupling  coefficients  In  seakeeplng 
qualities  of  ships  Is  not  known.  Their  effects  cannot  be 
evaluated  at  a  glance,  as  In  the  case  of  the  primary  coeffi¬ 
cients  a.  A,  b,  B,  c,  and  C,  and  it  appears  to  be  too  Involved 
to  be  brought  out  In  closed  formulae.  It  can  be  brought  out 
niimerlcally  by  a  series  of  systematic  computations,  but  these 
have  not  yet  been  made.  The  whole  subject  of  analytically 
predicting  ship  motions  In  waves  is  new,  and  almost  the  entire 
effort  to  date  was  directed  toward  the  development  of  methods 
and  verifying  them  by  comparison  with  model  tests.  While 
computations  appear  to  be  reasonably  reliable,  little  practical 
application  appears  to  have  been  made.  An  interesting  example 
of  such  an  application  Is  found  In  the  work  of  E.  V.  Lewls^® 
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in  which  the  effect  of  reducing  the  displaceraent/length  ratio 
of  a  ship  on  the  cost  of  transportation  was  investigated. 

The  exciting  forces  on  the  right-hand  sides  of  eqs,  2 
are  evaluated  by  procedures  similar  to  those  discussed  in 
the  foregoing,  but  here  we  consider  the  water  flow  in  waves 
around  a  stationary  ship  instead  of  a  ship  moving  through 
still  water.  In  fact,  both  motions  are  considered  simultaneously 
in  analytical  derivation  and  two  groups  of  forces  are  separ¬ 
ated  at  the  conclusion  simply  by  a  suitable  re-grouping  of 
several  terms  in  a  common  solution.  A  complete  three-dimen¬ 
sional  solution  is  possible  only  for  special  mathematically 
defined  ship  forms  composed  of  parabolic  arcs  by  the  use  of 
advanced  mathematical  techniques  and  extensive  computations. 

For  ships  of  arbitrary  form  and  in  engineering  application, 
it  is  necessary  to  resort  to  the  strip  theory,  and  an  example 
of  this  procedure  will  be  found  in  Korvln-Kroukovsky  and 
Jacobs.^®  As  in  the  case  of  P.  M.  Lewis'  work, an  assumption 
is  made  that  water  flow  at  sections  of  a  surface  ship  is 
identical  with  the  one  at  a  submerged  double  body,  and  the 
solution  yields  the  displacement  forces  and  inertia  forces 
in  terms  of  the  coefficient  of  accession  to  inertia,  k^. 

In  order  to  correct  for  the  surface  wave  formation.  Induced 
by  interaction  of  oncoming  waves  with  the  ship,  an  additional 
factor  k^  is  introduced  in  the  same  manner,  as  this  was  here¬ 
tofore  discussed  in  connection  with  ship  motions.  The  use 
of  the  k^  factor  accounts  for  the  standing  wave  system,  while 
the  progressive  wave  part  of  the  induced  wave  system  (l.e., 
damping;  is  not  accounted  for.  Therefore,  it  becomes  necessary 
to  Introduce  damping  forces  separately  on  the  basis  of_the 
vertical  water  velocity  in  waves  and  the  coefficients  A  and 
N( i) .  Korvln-Kroukovsky  and  Jacobs^®  omitted  this  step  in 
the  final  conclusions  bf  their  paper  because  preliminary 
calculations  showed  that  sectional  wave-caused  damping  forces 
yielded  a  negligibly  small  total  force  upon  integration  along 
the  length  of  a  ship.  However,  these  forces  cannot  be 
neglected  when  the  distribution  of  forces  along  a  ship  must 
be  determined,  as  in  the  calculations  of  bending  moments 
acting  on  ship  hulls. 

In  the  classical  wave  theory,  all  characteristics  of  a 
wave  are  uniquely  connected,  and  any  one  can  be  chosen  as  a 
reference  parameter  in  force  evaluation.  Thus  Korvln-Krou¬ 
kovsky  and  Jacobs  defined  wave-caused  sectional  heaving  forces 
in  terms  of  the  wave  amplitude.  In  later  analyses  of  ship 
bending  moments,  it  became  desirable  to  separate  the  effects 
of  water  acceleration,  velocity,  and  displacement.  These 
were  usually  referred  to  as  conditions  at  the  water  surface, 

"fit  rif  and  t),  and  correction  factors  had  to  be  developed  to 
account  for  the  attenuation  of  these  quantities  with  depth. 

The  subject  is  particularly  well  discussed  by  Motora.^®*^® 
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ABSTRACT 

of 

Basic  Theory  of  Ship  Behavior  In  Irregular  Seas 

by 

Edward  V.  Lewis 

In  his  Symposium  talk.  Professor  Lewis  reviewed  the 
Important  features  of  the  well-known  theory  for  treating 
ship  behavior  In  Irregular  seas,  first  presented  by  St.  Denis 
and  Pierson,^  and  covered  by  him  at  previous  Summer  Semlnsucs.® 

He  expladned  how  modem  developments  In  oceanography 
permit  an  Irregular  ocean  wave  pattern  to  be  described  In  tenns 
of  a  "spectrum, "  which  defmes  the  amplitudes  of  all  the  can- 
ponent  waves  Into  which  the  Irregular  pattern  can  be  broken 
down.  He  then  showed  how  the  behavior  of  a  ship  In  such  a  sea 
pattern  can  be  described  on  the  basis  of  the  assumption  that 
the  response  la  the  sxim  of  the  ship’s  responses  to  all  of  the 
wave  components  present.  Thus  a  spectrum  can  be  obtained  for 
any  response  such  as  pitch  amplitude,  heave  amplitude,  accelera¬ 
tion,  wave  bending  stress,  etc.,  and  from  It  the  statistical 
characteristics  can  be  derived. 

Some  general  conclusions  regarding  means  of  Improving  the 
seagoing  qualities  of  ships  were  given.  The  lecture  drew 
heavily  on  ref.  3»  which  may  be  used  as  a  convenient  reference. 
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Introduction  of  Theoretical,  Experimental  and 
Observational  Work  on  Ship  Motions  at  Sea 


B.  V.  Korvin-Kroukovsky 
Professor  Emeritus  -  Consultant 
Stevens  Institute  ot  Technology 

In  my  previous  paper,  I  presented  the  introduction  to  the  theory  of 
ship  motions  in  regular  head  waves,  and  Prof.  Lewis  gave  the  generalization 
of  it  for  the  irregular  seas.  While  these  theories  are  only  a  few  years 
old,  they  already  provide  in  many  cases  means  of  predicting  seakindllness 
of  ships  from  design  data.  The  available  techniques  are,  however,  not 
complete  and  further  research  and  development  is  needed  to  cover  many 
aspects  of  a  ship's  behavior  at  sea  not  sufficiently  clarified  at  present. 
Until  recently  this  development  was  handicapped  by  the  fact  that  available 
information  was  widely  scattered  in  many  publications  and  there  was  no 
collected  source  of  information.  Recently  such  sources  became  available 
in  four  books  listed  in  the  Appendix.  Of  these,  the  book  by  Kent  is 
valuable  primarily  because  of  Kent’s  interpretation  of  his  own  observa¬ 
tions  on  ships  at  sea  as  well  as  model  tests.  However,  it  is  largely 
limited  to  old  style  ships  and  is  very  weak  in  theoretical  interpreta¬ 
tions.  Korvin-Kroukovsky  and  Vossers  give  the  most  up-to-date  available 
collection  of  material,  but  differ  in  the  method  of  presentation:  Vossers,' 
as  well  as  Blagoveshchensky,  presents  the  gradual  development  of  the  theory 
through  various  stages,  and  Vossers  includes  the  empirical  trends  based 
on  model  tests.  Korvin-Kroukovsky  omits  the  gradual  development,  presents 
in  concise  form  only  the  latest  workable  methods  and  stresses  functional 
relationships  among  sea  properties  and  ship  motions  as  well  as  loads  im¬ 
posed  on  a  ship's  hull  by  waves. 

Further  research  and  development  in  the  ability  to  predict  seakind- 
liness  of  ships  from  design  data  must  proceed  along  three  parallel  and 
Interconnecting  lines  (as  it  has  indeed  been  done  in  the  past). 

a.  Observations  on  ships  at  sea 

b.  Towing  tank  tests  on  ship  models 

c.  Theoretical  methods. 

It  would  appear  at  the  first  sight  that  observations  on  ships  at 
sea  is  the  most  direct  method  of  learning  about  seakindllness  of  ships. 

In  fact,  however,  the  irregular  sea  waves  and  ship  motions  in  them  are 
much  too  complicated  to  permit  reliable  interpretation,  and  supplementary 
model  tests  and  theoretical  analyses  are  necessary  for  the  interpretation. 
Model  tests  in  waves  in  towing  tanks  offer  better  possibilities  of  analysis 
and  interpretation  because  the  waves  and  model  conditions  can  be  simplified 
and  controlled,  and  tests  under  any  desired  condition  can  be  repeated  as 
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many  times  as  desired.  But  even  model  motions  are  too  complicated  to  be 
understood  at  a  glance,  and  the  help  of  a  theory  Is  sought  for  reliable 
Interpretation.  Furthermore,  experience  has  shown  that  model  tests 
may  be  Incorrect  and  misleading  unless  continuously  compared  with  and 
checked  against  theoretical  expectations. 

A  theory,  on  the  other  hand.  Is  merely  a  logical  development  which 
starts  with  a  number  of  postulated  facts.  If  these  Initial  facts  are  not 
correctly  stated  or  If  some  Important  ones  are  overlooked,  a  correctly 
developed  theory  will  yield  erroneous  results.  The  relevent  Initial  factors 
and  conditions  generally  have  to  be  formed  on  the  basis  of  ship  and  model 
observations.  Furthermore,  there  Is  always  a  certain  danger  of  error  In 
choosing  the  relevant  facts  and  in  converting  them  into  mathematical  tech¬ 
niques.  Achievements  of  the  theory,  therefore,  must  be  checked  against 
model  tests  and  sea  observations. 

Model  tests  and  theoretical  methods  used  together  will  provide  re¬ 
liable  quantitative  data,  for  Instance,  such  as  the  angle  of  a  ship's 
pitching  In  certain  waves.  These  data,  while  numerically  correct,  may 
still  be  misleading  In  regards  to  ships  at  sea,  because  the  andbient 
conditions  are  too  much  under  the  control  of  an  experimenter  and  may 
not  correspond  to  reality.  Model  tests  and  theoretical  analyses  must  be 
continually  checked,  therefore,  against  what  has  actually  been  observed 
on  ships  at  sea. 

There  is  also  an  Important  problem  of  interpretation  of  model  test 
and  theoretical  data  in  terms  of  the  seakindllness  of  ships  as  appraised 
by  mariners  at  sea.  It  has  not  been  established  as  yet  which  quantita¬ 
tive  ship  behavior  data  will  be  reflected,  for  instance.  In  a  ship  master's 
decision  to  reduce  engine  RPM  In  stormy  seas  or  to  change  the  course. 

This  interpretation  of  quantitative  data  In  terms  of  mariner's  mental 
attitudes  represents  one  of  the  most  important,  yet  most  neglected 
branches  of  research. 

As  far  as  this  can  be  judged  at  present,  a  captain's  decision  to 
reduce  RPM  in  a  stormy  bow  sea  Is  brought  about  primarily  by  excessive 
shipping  of  water  and  by  slamming.  The  first  usually  will  be  the  case 
with  a  fully  loaded  ship  and  the  second  with  a  ship  in  ballast.  A  ship 
making  smooth,  nearly  sinusoidal,  oscillations  (easy  motions)  will  be 
considered  more  seakindly  than  one  executing  jerky  motions.  That  is,  it 
appears  that  the  rate  of  change  of  acceleration  is  a  factor  to  consider 
when  the  well  being  of  personnel  is  involved. 

Professor  E.  V.  Lewis  and  I  previously  presented  in  our  papers  an 
Introduction  to  ship  motion  theory  which  has  reached  sufficient  develop¬ 
ment  to  be  used  as  a  design  tool  in  many  cases.  Although  it  is  but  a 
few  years  old,  it  essentially  became  "classical."  This  word,  however,  has 
a  dangerous  connotation; . it  tertds  to  build  excessive  confidence  in  hitherto 
successful  methods,  and  so  to  retard  further  development.  Dr.  Cummins  will 
point  to  certain  drawbacks  of  the  classical  method  In  the  following  paper, 
and  will  Indicate  another  possible  direction  of  theoretical  development. 
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THE  IMPULSE  RESPOHSE  PUliCTION  AMD  SHIP  MOTIONS 


V.  E.  CuBBlns 

Head,  Seaworthineee  and  Fluid  Dynaaica  Division 
David  Taylor  Model  Basin 
Washington,  D.  C. 


I.  IMTEODUCTIM 


The  subject  of  this  paper  is  a  new  foraulation  of  the  equations 
of  aotion  for  an  oscillating  ship.  The  paper  will  review  some  results 
previously  presented  at  the  Syaposiua  on  Ship  Theory  in  Haaburg  during 
January  of  this  year.  Here,  we  will  concentrate  on  the  significance  of 
the  results,  and  for  brevity,  soae  of  the  aatheaatical  developaent  will 
be  oaitted.  For  the  coaplete  developaent,  see  references  1  and  2.* 

To  provide  a  background  for  this  new  foraulation,  a  brief  dis¬ 
cussion  of  the  conventional  foraulation  is  desirable.  This  will  be 
presented  in  the  fora  of  a  sort  of  iaaginary  history  of  the  way  the 
foraulation  aight  have  developed.  We  aay  be. dignifying  the  process  of 
developaent  by  asking  it  seea  aore  rational  than  it  actually  was. 

The  basic  solution  to  the  linearised  (infiniteslaal)  gravity  wave 
problea  is  of  the  following  fora: 


H  ■  a  cos  “(C-ct)  [l] 


%ihere 

T|  s  wave  elevation 
a  s  wave  aaplitude 
X  >  wave  length 
Q  a  horizontal  distance 
c  a  wave  celerity 
t  a  tlae 

This  is  a  progressive  wave  of  peraanent  fom.  Wave  systeas  of  infinite 
variety  can  be  obtained  by  adding  up  these  eleaental  solutions.  It  is 
known  that  the  linear  theory  provides  an  excellent  approxlaation  to 
nature,  even  when  the  aaplitude  of  the  waves  becoaes  significant. 


*References  are  listed  on  page  14. 
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How  suppose  s  ship  to  be  placed  in  such  a  train  of  regular  pro¬ 
gressive  waves.  For  the  moaent,  we  will  concern  ourselves  with  only 
one  node  of  notion,  say  heave.  There  will  be  an  oscillating  heaving 
force  exerted  on  the  ship  by  the  wave  train,  and  if  the  ship-wave 
system  can  also  be  treated  as  linear,  the  heave  force  will  be  of  the 
form, 

f(t)  a  F  cos  uA  [2] 

where  u)  is  the  frequency  of  encounter.  The  response  of  the  ship  to 
this  force  will  be 

x(t)  m  X  cos  (cut  44 )  ,  [3] 

a  harmonic  response  to  a  harmonic  excitation. 

Up  to  this  point,  there  can  be  no  quarrel  with  the  reasoning.  But 
next,  a  bold  assumption  is  made,  though  it  is  not  recognised  as  such. 
Host  harmonic  oscillators  satisfy  second  order  differential  equations, 
and  it  seems  reasonable  to  assume  that  this  one  does  too: 

aS  4-  bx  4-  cx  a  f(t)  [4] 


Determining  the  coefficients  does  not  raise  any  difficulty.  The  cx 
term  is  the  restoring  force,  and  can  readily  be  found  from  static 
swasurements.  Then,  if  we  impose  an  excitation,  F  cos  lot,  we  easily 
obtain  the  equations, 


(c-ao^)  cos  s  -  bw  sin  c*>  F/X 
(c-auP)  sin  t  +  bw  cos  s  *  0 


[5] 


With  c  known,  these  equations  yield  values  for  a  and  b. 

Everything  seems  quite  satisfactory.  But  when  the  experiment  is 
actually  carried  out,  there  is  one  unpleasant  difficulty.  If  the  ship 
is  forced  to  oscillate  at  different  frequencies,  different  values  are 
obtained  for  a  and  b.  This  implies  that  something  is  wrong  with  the 
assuoMd  form  for  the  relationship,  equation  [4]. 

But,  the  investigators  were  so  attracted  by  the  differential 
equation  formulation,  with  terms  which  appear  identifiable  as  inertial 
and  damping  effects,  that  they  were  reluctant  to  pass  it  up.  There¬ 
fore,  since  BK>st  model  work  was  done  in  regular  seas,  the  artifice  was 
adopted  of  considering  a  and  b  to  be  functions  of  m. 

This  formulation  is,  of  course,  seriously  limited,  as  it  is  not 
valid  for  arbitrary  excitation,  f(t).  If  f(t)  is  representable  by 
Fourier  series  or  Fourier  integral,  the  principle  of  linear  super¬ 
position  can  be  used  to  generate  a  solution.  Even  here,  we  need  an 
infinity  (denumerable  or  non-denumerable)  of  equations,  all  of  the  form 
of  [4].  But  in  the  swst  general  case,  the  deterministic  response  to  an 
arbitrary  excitation  cannot  be  exhibited. 


The  first  satisfactory  treatment  of  motions  In  Irregular  waves 
was  that  of  Pierson  and  St.  Oenls^ ,  when  they  Introduced  statistical 
techniques  and  spectral  theory.  In  this  analysis,  each  u)  Is  treated 
separately,  and  the  above  formulation  Is  no  serious  handicap.  However, 
this  theory  yields  statistical  results  only,  not  deterministic. 

The  present  paper  la  directed  toward  a  solution  of  this  problem. 
Two  new  representations  will  be  given,  one  based  on  the  Impulse 
response  and  one  which  may  be  considered  an  extension  of  equation  [4] . 
In  both  cases,  the  developisent  Is  based  upon  sound  principles,  rather 
than  Intuition.  The  only  significant  assumption  Is  the  one  of 
linearity  of  the  wave- ship  system. 


II.  THE  IMPULSE  RESPONSE  FUNCTIM 


When  a  force  f(t)  la  applied  to  a  ship,  there  will  be  a  response 
(In  heave,  say),  x(t).  We  assuM  that  the  ship  response  Is  linear. 

This  means  that  If  the  responses  Xj^  (t)  and  (t)  correspond  to  the 
excitation  f j  (t)  and  fg  (t) ,  the  response  a]^xi(t)  +  i^xaCt)  corresponds 
to  the  excitation  a^fiCt)  -t-  aafa(t). 

Now  suppose  we  have  an  arbitrary  force  f(t).  Select  a  sequence  of 


Instants  on  the  t  axis  which  break  the  axis  Into  intervals, 
define  a  function  fj(t)  such  that 


fj(t)  -  0 

=  f(t) 

»  0 

It  will  have  the  appearance 


t  <  t, 


^  ^  •'j+1 

tj.t 


Now  let  us 


[6] 
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Then 

f(t)-Efj(t)  [7] 

To  any  fj(t),  there  corresponds  an  Xj(t)> 


Since,  in  general,  this  response  is  zero  until  t  exceeds  t^,  it  is  con¬ 
venient  to  shift  the  origin  of  the  time  axis  to  tj.  As  a  consequence 
of  [7], 


x(t)  .  £  Xj(t-tj) 


Let  us  define  the  ratio 


*4  (t-t.) 


f(tj)  Ajt 


Rj(t-tj) 


where 


*'j+l  ■  *'j 


Mow  let  the  interval  Ajt  approach  zero,  holding  t^  fixed.  If  f(t)  is 
continuous  to  the  right  at  t^,  the  function  R^Ct-t^)  will  approach 
some  limit.  This  limiting  function  will  be  the  same  for  any  t^  which 
is  a  non-zero  continuity  point  of  f(t). 
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lin 


[10] 


x.(t-t  ) 

-JL- — i-  -  R(t-t.) 

£<tj)  Ajt  y 

For  a  stable  aode.  It  will  ordinarily  be  of  the  fom  shown.  R(t)  Is 
known  as  the  lapulse  response  function. 


and  In  the  limit, 

.<t)  .  J 

1  f(T)  R(t-T)  dr  [11] 

-«0 

By  a  simple  transformation. 

x(t)  -  J 

.  R(t)  f(t-T)  dT  [12] 

o 

How  let  us  consider  the  oscillation  of  a  ship  In  more  detail. 
There  are  six  modes,  and  we  shall  designate  oscillatory  displacements 
by  the  following  convention 

Xx  ...  surge 

X4  ...  roll 

...  sway 

Xg  ...  pitch 

itg  ...  heave 

^  ...  yaw 

Excitations  In  each  of  these  SK>des  will  be  designated  by  f ^(t) .  If  we 
Impose  an  arbitrary  set  of  excitations,  acting  In  any  or  all  modes,  the 
response  In  the  j.^^  'mode  can  be  written 

6 


113] 
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where,  following  equation  [10],  R^^(t)  la  the  Impulse  response 
function  in  mode  for  excitation  in  the  i^^  mode. 

This  representation  is  quite  general,  and  holds  for  any  set  of 
Just  so  the  response  remains  linear.  The  excitation  can  be 
continuous  or  discontinuous,  irregular  or  periodic.  Thus,  once  the 
functionsR^j(T)  are  known,  we  have  a  general  representation  which  is 
free  from  the  restrictions  of  equation  [4]. 


Now  consider  the  particular  case  in  which 

f j^(t)  ■  cos  U)t 

Xj(t)  ”  ^ J  U)(t-T)  dT 


■¥  sin  oit 


f 


sin  orr  dr 


Xj(t)  ■  +  Rj^j*(tB)  sin  «tj 

idiere 

p* 

Rj^j*^(tt))  ■  j  cos  urr  dx 

09 

Rlj“(«)  -  , J  sin  UJT  dx 


are  the  Fourier  cosine  and  sine  transforms  of  R^^ (x) . 
We  can  also  write 


idiere 


Sj(t)  -  ^’**'*j^ 

tan  Cj  -  Rj^j  /Rj^j 


c  s 

The  functions,  R^^  (w)  and  R^j  (w) ,  can  be  considered  a  mapping  in 
the  frequency  domain  of  the  impulse  response  functions  in  the  tlM 
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doMln,  They  are,  specif Ically,  the  aapllcudas  of  the  In-phasa 

and  out-of-phase  coaponents  of  the  i^esponse,  respaetlvaly,  due  to  a 
unit  sinusoidal  excitation.  They  provide  all  the  inforuation  darivabla 
frou  equation  [4],  %d.th  its  frequency  dependant  coefficients. 


The  following  identities,  which  follow  directly  frou  the  Fourier 
inversion  thaoren,  are  also  inportant: 


(t) 


cos  «Bt  du 


sin  «pt  do) 


[17] 


A  convolution  integral  representation  is  not  precisely  new  in  the 
ship  notion  problea.  Fuchs^  aade  use  of  it  in  studying  the  notion  of 
a  barge  in  waves.  More  recently,  Dalxell  has  used  it  very  effectively 
in  soae  yet  unpublished  work.  Because  of  its  flexibility,  it  deserves 
aore  consideration  than  it  has  generally  received. 


In  spite  of  its  advantages,  however,  it  'suffers  frou  certain 
faults.  The  functions  define  the  response  of  the  ship,  but  they 

do  not  nake  it  easy  to  analyse  the  systen.  For  instance,  the  inertial 
effect  of  the  water  upon  the  notion  is  unclear.  And  if  we  wish  to 
change  the  response  in  a  certain  way,  it  is  not  evident  which  is  the 
best  way  to  proceed.  The  usual  representation,  [4],  appears  to  perait 
analysis,  but  the  analysis  is  erroneous.  For  instance,  effects  are 
luaped  into  the  so-called  added  nass  coefficients  which  are  not 
inertial  in  their  nature,  as  we  shall  shortly  show.  Thus,  there 
renains  the  need  for  a  forswlation  which  pemits  one  to  discuss  the 
hydrodynaaic  aspects  of  the  response. 


III.  EOOATICaiS  OF  NOTIOII 


In  this  section,  we  shall  present  a  solution  to  this  problea. 
Only  the  case  for  xero  speed  will  be  given  in  detail.  For  the  case 
with  forward  speed,  see  reference  1  or  2. 
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Suppose  a  ship  to  be  floating  at  rest.  Let  the  coordinates  of  a 
point  in  space  be  (Ci ,  Qt ,  ,  referred  to  a  systea  of  axes  with  the 

origin  fixed  in  the  free  surface  above  the  center  of  gravity  of  the 
ship. 


Let  the  ship  be  subjected  to  an  iapulse  which  raises  the  velocity 
to  Vj  in  the  J^^  aode.  During  the  Inpulse,  all  finite  velocities  and 
forces  aay  be  neglected.  The  velocity  potential  of  the  fluid  iaae- 
diately  after  the  lapulse  will  be  Vj  Cs >  Ca)  where  satisfies 

on  Cs  *  ^  [ 18a ] 

on  S  (the  wetted  sur-  [18b] 
face  of  the  ship) 

J  .  1,2,3 
J  =  4,5,6 

n  >  outwardly  directed  unit  normal  vector 

r  a  position  vector  with  respect  to  the  center 
of  gravity 

The  potential  function,  is  the  solution  to  the  Neumann  problem 
obtained  by  reflecting  S  in  the  plane  ^  >  0  and  assigning 

a  s,  on  reflection  of  S  [19] 

dn  J 

For  all  ordinary  surfaces,  S,  this  solution  exists. 

After  a  short  time.  At,  we  impose  a  negative  impulse  to  the  ship, 
reducing  its  velocity  to  sero.  To  first  order  in  At,  this  negative 
impulse  will  also  bring  all  fluid  motion  to  a  halt.  The  net  effect 
after  these  two  impulses  will  be  a  displacement  of  the  ship  by 

AXj  =  VjAt  [20a] 


the  boundary  conditions: 

♦j.O 


dn  J 


where 


•i  ■  "-^1 


a  rxn*i 


J-3 
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[20b] 


and  an  elevation  of  the  free  surface  by 


Now  suppose  the  ship  to  be  held  fixed.  The  surface  elevation  will 
dissipate  In  a  radiating  dlaturbance  of  the  free  surface.  This  wave 
■otlon  will  have  a  velocity  potential,  (pj^j  vhlch  satisfies  the  Ini¬ 


tial  conditions: 


.C*  .Ce  »0)  -  0  everywhere 


[21a} 


|21  -  g  411^  -  -t  |!i  4.J 


ajl.-g|!l 

at' 


Afterward,  we  have  the  conditions 


£31*g!fi_,o 


on  ^  s  0 


on  C,  ag  0 


[21b] 


[22a] 


He  assuwe  that  co.  exists. 


[22b] 


Now  suppose  the  ship  to  be  undergoing  saall  oscillations,  x,(t), 

ch  ^ 

In  the  J  mde.  The  velocity  potential  for  the  fluid  motion  generated 

by  this  oscillation  will  be 


r*" 

0  -  *jtj  +  J  9j(t-T)  *j(t)  dT 

•flO 


That  this  Is  so  Is  easily  seen  by  verifying  that  9  satisfies  all  the 

required  conditions.  It  Is  evident  that  the  boundary  condition  on  S 

Is  satisfied.  The  first  term  provides  the  required  normal  velocity. 

And  since  >  0  (to  first  order  In  x,)  on  S,  the  second  term  does 

at  J 

not  contribute  to  the  normal  velocity.  The  remaining  requirement  Is  the 
free  surface  condition. 
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First  note  that 


a«p.(o) 

P  =■  jn^  *1  *  <p,<V  ^  Hr- *j 

pt  a*<p.(t-T) 

+  J__  -TP - *jW  dT 

d<i>j(0)  .  |,t  a^<p  (t-T) 

'-dT-'j  it* 

by  [l8al  and  [21a].  Also 

I®  =  X  -H  f  i.(T)  dT 

db  j  ^  ac.  j 


Therefore , 


a  0 

by  [21b]  and  [22a].  Therefore,  8  Is  the  stated  velocity  potential. 


Equation  [23]  can  be  considered  to  be  a  sort  of  hydrodynaalc 
analog  of  equation  f 11] ,  with  acting  as  an  Impulse  response  velocity 
potential  and  Xj(t)  acting  as  the  excitation.  It  Is  quite  as  general 
as  [11],  as  the  restriction  here  Is  also  that  the  oscillations  be  suf* 
flclently  small  for  the  hydrodynamic  response  to  be  linear. 


The  computation  of  the  function  Is  well  within  the  capability 
of  modern  high-speed  computing  machines* ,  and  It  may  be  useful  to  com¬ 
pute  It  In  practice.  The  determination  of  Is  orders  of  magnitude 
iBore  difficult,  and  except  for  "thin  ships"  and  other  Idealised  sur¬ 
faces,  It  cannot  be  found  at  the  present  time.  However,  as  we  are 
concerned  here  only  with  the  form  of  the  velocity  potential,  these  dif¬ 
ficulties  do  not  concern  us. 
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By  integrating  the  pressure  over  S,  we  can  obtain  the  hydro- 
dynaalc  force  acting  on  the  ship,  and  thus  aet  up  equations  of  antlon. 
This  can  be  done  without  difficulty,  and  we  obtain 
6 


‘•j'jk  *  “jk*  *1  *  ‘jk*l 


»t 

+  J  Kj|^(t-T)Xj(T)  drj  ■  fj^(t) 


[24] 


where 

•ik  - » J,  h  ‘k 

(.  &<pj  (t) 

*jk<">  ■ » I,  -?r-  \  *’ 

aij  s  Inertia  of  ship  In  the  node 

Cjl^  =  hydrostatic  restoring  force  coefficient 

-  1  for  J=k  (the  Kronecker  delta) 

*  0  for  J/k 


The  above  equations  give  the  responses  In  all  six  nodes  to  slnul- 
taneous  excitations  In  all  swdes.  This  losiedlate  extension  Is  pemls- 
slble  because  of  the  linearity  of  the  problem. 

The  case  for  the  ship  having  forward  speed  nay  be  carried  out  by 
a  similar  procedure,  though  the  extension  Is  non-trlvlal.  The  equa¬ 
tions  of  motion  will  resemble  those  above,  except  that  there  will  be 
additional  terms  on  the  left,  the  kernels,  will  be  more 

complex,  and  the  Cj^  will  Include  hydrodynamic  restoring  force  effects. 
It  Is  to  be  noted  that  the  hydrodynamic  "added  maas"  coefficients  are 
not  functions  of  velocity.  It  Is  also  Interesting  to  note  that  these 
coefficients  are  symmetric.  That  Is 


"jk  “  “kj 


[25] 
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These  equations  of  sntion  are  as  generally  valid  as  the  assuaption 
of  linearity.  The  excitation  can  be  periodic  or  non-periodic,  continu¬ 
ous  or  discontinuous,  or  even  iapulsive.  Coaparison  with  the  conven¬ 
tional  representation  (equation  [4])  reveals  several  iaportant  facts. 
First  of  all,  the  inertial  effects  of  the  fluid  are  imbedded  in  the 


products ,  a^i^  ,  and  the 


Jk 


are  both  frequency  independent  and  velocity 


independent,  and  are  also  independent  of  the  past  history  of  the  motion. 
If  the  excitation  is  sinusoidal,  there  will  be  a  component  coming  froa 
the  convolution  integral  which  is  in  phase  with  ,  but  since  it 

arises  froa  the  past  history  of  the  aotion,  and  would  exist  even  if 
Sj  Were  suddenly  made  sero,  it  is  not  inertial  in  any  sense.  This  is 
the  coaponent  which  leads  to  the  so-called  frequency  dependent  added 
aass.  The  ^ke  other  hand,  are  true  added  mass  coefficients. 


A  some%ihat  similar  situation  develops  with  respect  to  the  damping 
forces.  It  is  usual  to  lump  these  in  the  term  bx.  But  note  that  when 
the  forward  speed  is  zero,  there  is  no  bx  term,  although  there  is 
certainly  damping.  For  sinusoidal  oscillation,  there  will  be  a  coapo¬ 
nent  froa  the  convolution  integral  which  is  in  phase  with  x,  but  since 
it  also  arises  froa  the  past  history  of  the  aotion,  it  would  exist  even 
if  the  velocity,  x,  were  suddenly  reduced  to  zero.  Imbedding  this 
force  improperly  into  a  bx  term  leads  to  the  frequency  dependent  damp¬ 
ing  coefficient. 


We  now  have  two  foraulations  for  the  response  of  a  ship  to  an 
excitation,  the  convolution  integral  fora  based  on  the  impulse  re¬ 
sponse  function,  and  the  equations  of  notion,  also  involving  convolu¬ 
tion  integrals.  As  both  foraulations  hold  for  small  oscillatory  mo¬ 
tions,  there  are  relations  between  them.  It  is  not  difficult  to  de¬ 
rive  the  following  system  of  integro-differential  equations: 


®  t 

I  Jo  ■ 

"i  [‘•j'jk  *  *JI>’  *11“^  ' 


[26] 


jal 
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A  aore  useful  set  of  algebraic  relatione  say  be  obtained  by  aeane  of 
Fourier  transforms: 


I  {  ♦  ‘jk’  -  'jk  ■  •*jk*  ]  »ij‘ 

\  ■  “jk  ^  *Jk'>  •»!/  }  -  -  ‘ik 

I  {<*Jk  *  *Jk'>  »»t)' 

J«1  p 

*  L‘'j‘jk  *  "jk)  ■  'jk  ■  «*jk‘  ]  »ij‘  }  -  0 


[27] 


where  the  superscripts  c  and  s  indicate  the  Fourier  cosine  and  sign 
transforms . 


These  latter  equations  are  particularly  revealing.  If  the 
and  were  arbitrarily  set  to  zero,  these  are  the  relations 

one  would  obtain  between  the  frequency  response  functions,  2,,^  *nd 

8  J 

,  and  the  usual  frequency  dependent  coefficients. 

It  is  clear  that  the  frequency  dependency  of  ^Jk* 

forced  onto  these  coefficients  in  the  conventional  representation. 


CONCLUSICXIS 

The  impulse  response  functions,  (or  their  transforms),  provide  a 
better  tool  for  computing  the  response  to  a  given  excitation.  The 
equations  of  swtion  are  better  for  explaining  why  a  ship  behaves  as  it 
does,  and  how  its  behavior  will  change  if  certain  parameters  change. 
For  instance,  in  model  studies,  the  impulse  response  function  in  any 
snde  will  change  if  particular  total  restraints  are  imposed  in  any 
coupled  sKMle.  Or,  the  ship  response  will  change  if  the  gyradius  is 
altered  by  changes  in  loading.  But,  both  of  these  effects  are  easily 
included  in  modification  to  the  coefficients  in  the  equations  of 
SK>tion. 
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Thus,  these  two  systeas  coapleaent  each  other.  If  It  is  pos¬ 
sible  to  pass  easily  froa  one  systea  to  the  other,  as  we  hope,  there 
are  several  Important  consequences: 

(a)  Model  experiments  can  be  designed  for  maximum  accuracy 
rather  than  for  maximum  realism.  Hydrodynamic  effects 
could  be  emphasized  by  testing  at  small  gyradlus,  and 
the  test  results  corrected  for  any  desired  gyradlus. 

(b)  Restraints  may  be  Imposed  In  any  way  desired.  Just  so  the 
force  Imposed  on  the  model  Is  fully  known. 

(c)  Unstable  isodes  tiould  be  no  problem,  as  restraints  could  be 
used  to  ensure  stability  of  the  whole  system.  These  effects 
could  be  removed  by  calculation,  to  obtain  impulse  response 
functions  which  are  free  of  restraint. 
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It  is  not  necessary,  in  a  lecture  such  as  this,  to  trace  the 
developnent  cf  the  nethods  now  used  in  the  analysis  of  ship  notion 
reoords,  but  it  is  worth  outlining  the  organisational  background  to 
the  ship  motion  research  in  the  UK.  Four  years  ago  a  number  of  organ¬ 
isations  agreed  to  oo-operate  in  working  on  this  problem;  they  were 
the  Ship  Division  of  the  National  Physical  Laboratory,  the  British 
Shipbuilding  Reseaz^sh  Association,  the  National  Institute  of 
Oceanography,  and  the  Admiralty.  Each  organisation  had  something  to 
oontrlbute  to  the  researoh,  and  by  virtue  of  this  co-operation  a 
powerful  effort  to  open  up  this  field  of  work  in  Oreat  Britain  was 
possible . 

Ship  Division,  NPL,  with  access  to  the  NPL  Mathematics  Division 
oosputer,  was  able  to  undertake  the  analysis  of  all  the  motion  records 
obtained  at  sea.  Model  test  programmes  associated  with  this  work  were 
also  undertaken  in  the  Division  as  well  as  the  theoretical  calculations. 

The  British  Shipbuilding  Resecurch  Association,  now  the  British 
Ship  Researoh  Association  (BSRA),  with  its  vast  knowledge  cmd  'know¬ 
how'  of  conducting  full-scale  trials,  was  responsible  for  the  arrange¬ 
ment  of  the  ship  trials.  It  also  undertook  the  provision  of  the 
recording  equipment  and  the  Installation  of  such  eqviipment  in  the  ship. 

The  National  Institute  of  Oceanography  (NIO)  were  able  to  provide 
the  knowledge  for  the  analysis  of  sea  states,  both  from  the  records 
obtained  from  a  shipbome  wave  recorder'  and  from  a  stationary  buoy.^ 

The  Admiralty  Experiment  Works  (iEW) ,  although  not  taking  cui 
active  part  in  the  full-scale  trials,  provided  some  of  the  Instrimient- 
atlon  for  the  ships  and  a  great  deal  of  knowledge  on  the  solution  of 
the  problems  associated  with  the  analysis  of  the  trials  results.  ' 
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The  ship  types  tested  in  this  oo-operative  resecuroh  project  are 
all  merchant  ships.  The  Admiral'ty  carry  out  their  own  ship  motion 
trials  on  warship  types,  and  it  is  reasonable  to  say  that  in  their 
ease  major  es^hasis  is  placed  upon  the  motion  side.  ?or  most  merchant 
ship  '^rpos  more  emphasis  must  be  placed  \q>on  the  prediction  of  power 
in  irregular  waves,  although  in  passenger  ships,  motions  and  power 
predictions  are  probably  of  equal  importanoe. 

The  initial  object  of  the  research  was  to  collect  data  on  ship 
motions  and  to  investigate  the  possible  existence  of  scale  effect. 

It  has  always  been  assumed  that  scale  effect  on  ship  motions  will  be 
smcdl,  but  this  has  never  been  firmly  established.  While  valuable 
full-scale  data  have  been  collected,  the  conplexily  of  the  full-scale 
ship  motions  is  such  that  accxrrate  model-ship  correlation  is  impossible. 
Duzdng  the  trials  of  a  number  of  ships  of  different  types,  records  were 
taken  of  the  sea  state,  the  ship  motions  of  pitch,  heave  and  roll, 
hull  strains  of  propulsive  performance.  Following  the  full-scale 
trials,  model  experiments  will  be  carried  out,  in  both  regular  and 
irregular  waves,  to  obtain  a  comparison  between  the  model  and  ship 
results . 

When  the  original  programme  was  drawn  iq>,  the  theory  of  llnecur 
superposition  was  not  well  established  but  the  whole  of  the  analysis 
procedure  adopted  was  dependent  upon  it.  The  degree  of  success 
achieved  would  in  fact  throw  light  on  the  validity  of  this  basic 
assumption. 

Althoiifii  a  number  of  ships  have  been  tested,  the  results  of  only 
one  series  of  trials  have  so  far  been  published.^  This  lecture  deals 
with  the  results  obtained  during  the  trials  on  the  (MS  'Weather 
Reporter*.  The  details  of  the  ship  dimensions  are  given  in  Table  I. 


TABLE  I 


Length  between  perpendiculars 

225  ft 

Breadth  moulded 

36  ft  6  in 

Mean  draught 

14  ft  7i  in 

Displacement  extreme 

1810  tons 

Block  ooeffLoient 

0.528 

The  machinery  is  a  triple  expansion  steaun  engine  developing 
about  2650  ihp  at  180  rpm. 
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THE  SHIP  TRIALS 


The  rcudous  oxigenlsatloxiB  participating  in  the  trials  were  repres¬ 
ented  on  a  Co-ordinating  Cosaittee.  This  Coaaittee  laid  down  the  basic 
objeotives  of  the  research,  and  thereafter  allocated  Taarlous  tasks  to 
two  Sub-Coamlttees .  The  first  Sub-Cosunlttee  to  be  set  \qp  dealt  with 
the  problems  of  instrumentation,  the  second  with  the  analysis  and 
presentation  of  results,  and  both  Sub-Comsdttees  had  some  members 
common  to  each. 

It  was  decided  that  the  ship  motion  and  wave  records  obtained  on 
the  ship  should  be  recorded  both  in  digital  and  analogue  foni. 

Reoorded  digitally,  the  data  oould  he  fed  directly  into  the  computer 
for  processing.  The  analogue  records  proved  to  be  valuable  in 
monltoz*lng  the  results  as  taken,  and  were  also  vtseful  in  editing  the 
digital  data  where  neoessazy. 

!nie  ship  was  fitted  with  a  shlpbome  wave  recorder,  an  essential 
feature,  since  phase  relationships  were  to  be  obtained  between  the 
waves  encountered  by  the  ship  and  the  resulting  motions.  Such  an 
Instrument  has  to  be  calibrated  as  there  is  an  attenuation  of  the  wave 
height  due  to  the  'Smith*  effect  and  also  due  to  the  influence  of  the 
ship  Itself  on  the  wave.  !Qie  shlpbome  Instrument  gave  no  indication 
of  the  direction  of  the  waves  encountered,  and  hence  a  free  bucy  had 
to  be  used  both  to  calibrate  the  shlpbome  recorder  and  provide  data 
on  the  dlreotiozial  properties  of  the  waves. ^ 

fhllst  the  final  objective  in  ship  siotlon  research  must  be  the 
measurement  and  analysis  of  motions  obtained  in  short-crested  seas,  it 
was  decided  that  for  the  first  trlcds  the  sea  conditions  should  be  as 
long-crested  as  possible,  l«e.  the  conditions  should  if  possible  be 
unl-dlrectlonal.  This  ideal  was  never  achieved,  but  even  so,  analysis 
of  some  of  the  trials  was  possible.  A  study  of  ocean  wave  conditions 
was  undertaken  by  NIO  to  determine  the  areas  giving  the  biggest 
probability  of  long-crested  sea  oonditlons.  The  results  of  this  study 
showed  that  the  months  of  Haroh  and  September  were  most  promising,  and 
that  the  best  sea  areas  were  south  of  latitude  20*’N  in  the  North 
Atlantic. 

Consideration  was  given  to  the  choice  of  the  first  vessel  to  be 
used  in  the  research,  emd  a  suitable  ohoioe  was  thought  to  be  an  ocean 
weather  ship.  These  ships  are  run  by  the  Meteorological  Office  of  the 
Air  Mlnistzy,  and  they  were  agreeable  to  the  'Weather  Reporter*  beli^ 
used  for  such  trials.  The  advantage  in  using  such  a  ship  was  that  the 
ship  was  available  for  trials  at  aiy  time  between  her  normal  duties  of 
weather  observing,  carried  out  at  six-hour  Intervals.  This  particular 
ship  was  fitted  with  the  NIO  type  shlpbome  wave  recorder.  The  weather 
ships  nozmally  change  station  about  evezy  month}  the  most  suitable 
weather  station  for  the  purpose  of  the  sea  trials  was  station  Kilo 
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(45®  N  16®  W),  and  fortunately  'Weather  Reporter*  was  due  for  a  period 
at  Kilo  in  September/October  1939;  this  period  was  therefore  ohosen 
for  the  trials. 

The  Analysis  Sub-Committee  considered  the  existing  Inforouitlon  on 
ship  motions  In  an  Irregular  sea  and  the  statistical  analysis  of  random 
signals  such  as  those  obtained  at  sea.  It  was  anticipated  that 
difficulty  would  be  experienced  In  analysing  the  motions  In  quartering 
and  following  seas  due  to  an  "Overlap"  of  frequencies  of  encounter 
over  a  small  range  of  frequencies.  It  Is  possible  for  certain 
different  length  waves  to  meet  the  ship  at  the  same  frequency  of 
encounter  and  Identification  becomes  impossible.  Bven  so,  it  was 
thought  to  be  worthidille  to  collect  data  on  the  ship  motions  In 
quartering  and  following  seas,  and  the  manoeuvre  adopted  Is  shown  In 
?lg.1 . 


In  order  to  obtain  data  on  the  variation  of  ship  speed  with 
heading,  the  ship's  engines  were  run  at  constant  speed  for  each 
manoeuvre.  Thirteen  such  trials  were  carried  out  In  all,  In  various 
weather  conditions  and  at  a  number  of  different  speeds. 

Details  of  the  Instirumentatlon  used  during  the  ship  trials  are 
given  by  Refs.  3  and  4.  The  following  measurements  were  taken: 

On  the  Ship 

(  Shlpborne  wave  height  research 

Analogue  euid  (  Pitching  motions 
digital  (  Rolling  motion 

(  Heave  aooeleratlons 
Propeller  thrust 
Propeller  torque 
Propeller  rpm 
Speed  (Pltometer  log) 

Ship  heading 
Relative  wind  speed 
Relative  wind  direction 

On  the  Buoy 

Heave  accelerations 

Pitch  angle 

Roll 

Direction  of  axis  of  roll  observed  from  the  ship. 

Since  the  motions  are  being  deedt  with  here,  no  consideration  will 
be  given  to  the  power  measurements. 
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THE  SESmiTS 


theoretloal  baokgrouxid  to  this  work  has  been  adequately 
oorered  by  prevloua  lectures  and  It  is  unneoessary  to  oorer  'Uie  ground 
again. 

Ihe  priaaxy  result  obtained  is  the  two-diaenaional  ware  sjMctrua. 
Ibis  is  obtained  fron  the  buoy  by  nethods  described  in  Befs.  2  and  5* 
lithout  going  into  too  nuoh  nathenatioal  detaU,  it  is  worlMiile 
oonsidering  in  broad  terns  the  aethods  used  in  the  derelopaent  of  the 
direotional  energy  speotrun. 

Ihe  buoy  used  is  shown  in  ?ig.  2.  It  was  self-contained, 
oarxying  its  own  batteries  for  supplying  the  transducers  and  recordli^ 
gear.  It  was  equipped  to  measure  vertioal  heave  accelerations,  and 
angular  motions  about  two  axes  at  right  angles. 

The  dstemlnatlon  of  the  axes  of  the  two  motions  was  not  very 
accurate,  since  a  sight  had  to  be  nade  of  a  red  arrow  on  the  shell 
of  the  buoy.  A.  refinement  to  the  instrumentation  would  be  to  have  a 
gyro  sensing  the  direction  continuously. 

1  spectral  analysis  was  osoried  out  of  the  so-called  roll  and 
pitch  records.  For  the  heave  aooelerations  the  Fouzder  analysis  was 
employed.  Basically  this  was  because  the  spectral  analysis  had  too 
wide  a  band  width  and,  since  the  heave  dlsplaoement  is  obtsdned  from 
the  aooelerations  by  dividing  by  (2xf)^,  accuracy  was  ijq>roved. 

Initially  the  spread  of  energy  is  assutsed  to  be  of  the  form 
E(f^)  =  B(f)  0  (S)  [Co8^(^  - 

IfBunann  assumes,  incidentally,  Ihat  8  =  1  for  all  frequencies, 
but  the  work  done  shows  that  S  is  not  constant  with  frequency.  It 
can  be  in  fact  as  high  as  15« 

Cross-correlation  of  the  vertloal  heave  and  the  pitch  and  roll 
angles  yields  a  series  of  five  parameters,  and  from  these  parameters 
the  spectrum  of  B(f^)  can  be  detersiined. 

It  is  now  neoessazy  to  make  a  oonverslon  from  the  two-dimensional 
energy  spectrum  of  sero  speed  for  the  buoy  to  a  one-dimensional 
spectrum  for  the  ship  moving  at  a  given  speed  in  a  given  direction. 

For  the  given  speed  and  direction,  lines  of  constant  fe  can  be 
drawn.  Qy  integrating  the  energy  along  these  lines  of  constant  fe, 
the  total  ezmzgy  B(fe)s  can  be  detezmlned.  This  value  of  l(fe)B 
is  idotted  to  the  base  of  ?,  where  ?  is  a  mean  frequezicy, 
approximately  equal  to  the  wave  frequency  assuming  unl-dlzmotlonal 
waves.  Comparisons  between  tiie  mean  frequency  F  and  f  (uzil- 
dlreotlonal)  to  base  of  fe  show  this  to  be  justified. 
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It  ±8  now  possible  to  oonpare  directly  the  energy  measured  from 
the  buoy  EffeW  and  the  energy  measured  on  the  shipbome  ware 
recorder  B(fe)s.  Fig.  3  ahows  the  ri»ults  for  SK  12.  The  ratios  are 
plotted  on  a  log  scale  to  a  base  of  7^.  since  they  should  be 

approximately  of  the  form  0.69  9  where  d  is  a  depth 

comparable  with  the  mean  depth  of  the  pressure  transducer  of  the 
shipbome  recorder.  A  good  deal  of  scatter  exists  due  to  the  statis- 
tioal  nature  of  the  analysis.  However,  a  straight  line  is  a  reasonable 
fit  to  the  data  and  was  oalculated  by  least  squares.  It  is  interesting 
to  consider  the  values  of  d  obtained  by  the  trials: 


d 

Vdr 

dp  =  7*1  ft  where  d^.  is 
the  actual  dep^  of 

SK  11 

18.7 

2.63 

the  pressure  trans¬ 

SK  12 

16.8 

2.37 

ducer. 

SK  13 

16.2 

2.28 

With  the  ship  stationary,  the  mean  value  of  the  ratio  for  the' 
three  trials  was  2.30. 

The  directional  spectrum  obtained  from  SK  1 2  is  represented  as  a 
polar  diagram,  and  is  shown  in  Fig.  4.  Only  wave  frequencies  vq>  to 
0.13  ops  are  shown,  but  values  vp  to  0.30  ops  were  included  in  the 
analysis.  It  can  be  seen  that  the  dominant  energy  is  of  low  frequency 
and  was  in  fact  the  resvilt  of  a  low  frequency  swell.  The  hi^ 
frequency  waves  were  wind-generated  aixd  hence  the  spread  of  energy  was 
fairly  large.  The  spectrum  is  not  synnetrical  about  the  head  sea 
direction  but  is  skewed  at  the  high  frequencies. 

Also  contained  in  Fig.  4  are  curves  of  coherency,  obtained  from 
the  analysis,  for  wave  to  pitch,  wave  to  heave  and  wave  to  roll.  It 
can  be  seen  that  coherency  is  generally  high  for  pitch  and  heave  in 
head  seas  and  low  for  roll;  it  is  low  for  pitch  but  high  for  heave  in 
beam  seas  and  is  highest  for  roll  in  becun  seas. 

The  effect  of  sea  direction  on  the  ship  motions  is  shown,  together 
with  the  phases  between  the  motions  euid  the  waves.  The  largest  effect 
of  direction  is  produced  on  the  roll  response,  and  the  effect  is 
rather  small  on  the  other  motions.  It  is  interesting  to  note  the 
sharpness  of  the  roll  response.  The  peak  is  well  defined  at  0.1  ops, 
and  the  phase  between  wave  and  roll  is  sero  at  this  frequency. 
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COMPARISON  07  HODBL  AND  SHIP  RESPONSES 


Model  experlmentn  have  been  oarried  out  on  a  10  ft  long  aodel  of 
the  "Weather  Reporter."  The  model  was  dynamloally  similar  to  the  ship 
during  the  trials.  The  experiments  have  so  far  only  been  conducted  in 
head  seas  and  the  motions  of  pitch  and  heave  were  recorded;  roll  and 
yaw  were  restrained. 

A  comparison  of  the  model  and  ship  results  is  shown  in  Tig.  5. 
nie  ship  pitch  response  is  less  than  the  model  response  for 
fe  <  0.2  ops.  At  the  high  frequencies  the  slope  of  the  responses  are 
similar.  The  ship  heave  response  and  the  model  self-propelled  heave 
response  agree  fairly  well. 

Also  shown  In  these  diagrams  are  the  calculated  respoztses.  The 
calculations  were  based  upon  the  work  of  Korvin-Kroukowsky , ^  although 
the  damping  charaotexistlcs  have  been  determined  using  Crim's  1959 
data.^  The  calculated  pitch  response  agrees  well  with  the  ship  results, 
but  It  must  be  remembered  that  the  ship  results  may  not  be  comparable 
with  the  calculated  results  owing  to  the  directional  spread  of  energy 
in  the  wave  system  encountered  by  the  ship. 

A  great  deal  more  work  has  to  be  carried  out  on  the  model  to 
determine  the  effect  of  wave  direction  on  the  responses.  From  such 
results,  It  should  be  possible  to  build  up  the  complex  response  of  the 
model  to  a  previously  detendned  two-dimensional  wave  spectrum  measured 
at  sea.  In  this  way  a  more  direct  comparison  will  be  obtained  between 
the  model  and  the  ship. 

While  the  caloulated  results  agree  reasonably  well  with  the  model 
and  ship,  experiments  will  be  carried  out  to  determine  the  damping  and 
entrained  water  characteristics  of  the  model  over  a  range  of 
frequencies  and  forwaz*d  speeds.  These  will  be  obtained  from  forced 
motion  experiments  In  calm  water. 


7UTUHE  WORK 

Further  full-scale  work  will  be  carried  out  and  plans  are  being 
made  to  test  an  18,000  ton  DW  tanker  next  year.  IDils  work  will  be 
carried  out  In  a  similar  way  to  the  trials  already  done  on  other  ships, 
though  It  may  differ  in  points  of  detail.  New  digital  equipment  will 
be  used,  enabling  more  channels  to  be  digitised. 

The  problem  of  the  accurate  determination  of  the  directional 
energy  spectrum  Is  not  yet  solved,  and  the  National  Institute  of 
Oceanography  plan  further  work  In  this  field. 
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The  collection  of  sea  data  In  a  statistical  fora  is  under  way, 
particularly  In  the  fishing  areas  frequented  by  British  trawlers. 

The  White  Fish  Authority  and  Ship  Division,  KFL,  are  co-operating  in 
this  work.  Twelve  selected  trawler  skippers  are  to  Bake  regular 
reports  on  sea  state  data,  and  NFL  have  undertaken  to  analyse  thea. 

Ship  stresses  are  collected  by  the  BSBA  in  a  statistical  fon 
and  this  work  should  produce  valuable  data. 

Althoi;igh  the  Series  60  foms  have  been  extensively  tested  in 
waves,  these  forms  are  not  representative  of  modem  European  ship¬ 
building  practice,  and  it  is  therefore  important  to  obtain  information 
on  the  effects  of  variations  in  form  on  the  motions  and  propulsive 
performance.  If  the  theoretical  calculations  can  be  proved  to  be 
accurate,  it  may  not  be  necessary  to  cany  out  a  full  systesiatlc  series 
of  tests.  A  major  part  of  the  data  could  be  obtained  using  a  ooaqmter, 
though  this  will  depend  upon  whether  or  not  non-linear  effects  can  be 
dealt  with  acovirately. 


G.  J.  Goodrich 
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PROGRESS  IN  TANK  STABILIZERS 


A.  J.  Giddlngs 
Naval  Architect 
Bureau  of  Ships 
Navy  Departnent 
Washington,  D.C. 


I.  INTRODXTION 


Tank  stabilizers  using  the  U-tube  analogy  have  been  designed  for 
a  variety  of  naval  ships.  None  of  these  have  been  conbatant  ships, 
but  they  have  been  ships  which  neet  one  or  more  of  the  criteria  for 
passive  tank  stabilization  as  expressed  in  reference  (1).  Repeating 
these  criteria: 

a.  Low  speed  operations  are  a  major  characteristic. 

b.  Hull  penetrations  for  retractable  fins  are  not  practicable 
and  retraction  is  required  or  desired. 

c.  Only  "some"  rather  than  "a  lot  of"  stabilization  is  needed. 

d«  Cost  is  more  Important  than  the  degree  of  stabilization. 

e.  Space  and  weight  are  available  with  little  penalty  to  the 
mission. 

Ship  types  \dilch  have  met  the  requirements  are  icebreakers, 
missile  range  ships,  oceanogriqphic  research  and  survey  ships,  a^ 
other  special  purpose  ships.  Hore  than  17  designs  have  been  completed. 

The  very  virtues  of  the  free-surface  type  passive  stabilizer 
tank  that  make  it  attractive  in  application,  work  against  a  large 
Investment  of  time  and  effort  in  the  scientific  analysis  of  their 
performance.  The  tanks  are  cheap  to  install,  and  perform  well  with¬ 
out  a  great  deal  of  design  effort.  As  little  as  3  man  hours  have  been 
spent  (by  an  experienced  designer)  on  the  geometric  design  of  some 
tanks.  More  time,  of  course,  is  Involved  in  structural  design  and 
performance  prediction.  A  design  data  sheet  will  be  Issued  in  the 
near  future  (it  is  awaiting  printing)  which  will  simplify  the 
geometric  design  process  still  further. 
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In  spite  of  the  foregoing  de-emphasising  factors,  certain  results 
are  available  and  a  limited  amount  of  analysis  of  then  has  been  made. 

References  (2)  and  (5)  are  some  of  the  published  model  test 
results  while  references  (6)  and  (7)  report  full  scale  results. 

Through  the  cooperation  of  Military  Sea  Transpozi^ation  Service  the 
trials  of  reference  (7)  were  especially  conqplete  in  that  a  nunber  of 
measured  sea  states  were  obtained  and  variations  in  tank  water  level, 
heading  and  speed  were  all  obtained.  References  (&)  and  (9)  are 
conqputer  predictions  of  stabilizer  perfoimanee. 


II.  FULL  SCALE 


Analysis  of  the  full  scale  reports  compared  with  predictions  has 
been  limited  by  a  lack  of  suitable  full  scale  trials.  For  exanqple, 
references  (2),  (6)  and  (9)  should  be  directly  comparable,  but  the 
trials  of  reference  (6)  do  not  provide  sufficient  data.  The  trials 
of  USNS  ELTANIN,  reference  (7),  were  conducted  in  December  1961,  and 
the  report  Issued  very  recently.  For  this  reason,  little  can  be  said 
in  detail  about  the  quality  of  the  predictions.  However,  since  the 
ELTANIN  trials  were  so  conq)lete,  it  is  expected  thht  considerable 
analysis  and  coiQiarlson  will  be  forthcoming. 

The  method  of  analysis  of  full  scale  motions  fdilch  is  being  used 
as  a  design  tool  is  a  highly  linearized  and  de-couplad  approach  to  the 
equations  of  motion.  The  full-scale  runs  selected  for  analysis  of 
roll  performance  ore  low  speed  beam-sea  runs.  The  measured  sea  state 
spectrum  is  used  as  an  input  in  the  analysis,  so  such  measureswnts 
are  necessary. 

The  unstablllzed  sblp'  is  considered  as  a  single  degree  of  free 
dom  harmonic  oscillator,  and  the  anplltude  response  curves  for 
several  damping  coefficients  are  plotted.  The  sea  spectrum  is  con¬ 
verted  to  a  wave  slope  spectrum  by: 

CD* 

'(5g)  = 

The  "effective" wave  slope  on  the  ship  is  considered  to  be  a 
function  of  the  depth  of  the  center  of  buoyancy  and  the  ratio  of 
ship  beam  to  wave  length. 

The  effect  of  center  of  buoyancy  on  the  spectrum  is 


where:  is  the  depth  of  the  center  of  buoyancy. 


h2(cd) 
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The  effect  of  ship  beam  is  obtained  by  Integrating  the  static 
aoaent  generated  Iqr  s  sinusoidal  wave  and  relating  this  to  the  aoMnt 
obtained  from  a  wave  of  infinite  length  and  slope  ,  or: 


tdiere:  =  effective  wave 

^  =  effective  beam 


slope 

(actual  beam  times  the 
prismatic  coefficient) 


^  =  wave  length 


This  may  be  sufficiently  ^[^prozlmated  by 


A* 


The  "effective"  wave  slope  spectrum  is  then: 


AM 


This  spectrum  is  multiplied  by  the  square  of  sflqplltude  response 
to  obtain  a  roll  spectrum.  The  average  values  of  "predicted"  roll 
and  measured  roll  are  coiq>ared  to  obtain  a  value  of  "full  scale" 
linear  ship  roll  danqping. 


A  similar  approach  is  used  in  analyzing  the  stabilized  runs, 
except  that  the  amplitude  response  curves  used  are  those  for  the 
stabilized  ship  and  various  values  of  velocity-squared  tank  danqping 
coefficient  are  investigajbed. 


The  same  approach  has  been  used  to  analyze  other  ship  motions. 
The  details  of  the  shape  of  the  pxedicted  ship  motion  spectra  do  not 
agree  with  the  measured  spectra,  but  the  approach  is  useful  for 
conparison  of  various  designs. 
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MODEL 


The  larger  number  of  model  teat  reports  has  permitted  the  oosh 
pletlon  of  some  analyala.  This  analysis  has  bean  aimed  at  verifying 
the  design  process,  vAiich  is  aimed  at  selecting  a  tank  geometry  vhieh 
will  provide  the  desired  frequency.  Figure  3  sunmariaea  the  approach 
used  in  design  at  the  Bureau  of  Ships.  Tha  contribution  of  the 
noaales  to  the  calculated  frequency  is  usually  very  small  so  that  the 
"bcusic"  frequency  can  often  be  used  alone. 

Table  1  shows  a  comparison  of  the  design  frequency  versus  the 
measvired  frequency  for  7  designs  at  different  water  depths.  The 
measured  frequency  was  determined  from  phase  measurement  of  tank 
water  transfer  or  moment  as  compared  to  roll  angle.  The  moment  and 
water  transfer  phase  angles  are  usually  close  to  each  other.  The 
tank  models  were  oscillated  in  each  case  in  "pure  roll,"  in  that  the 
roll  axis  of  the  model  tank  was  located  to  scale,  and  no  sway  of  that 
point  was  permitted. 

Table  2  is  a  similar  conparlson  of  the  design  approach  with 
"exact"  theory  as  taken  from  water  wave  theory  in  a  rectangular  tank. 

Figure  1  is  a  graph  of  the  values  of  tables  1  and  2  versus  the 
parameter  1-  y  .  It  can  be  seen  that  both  the  model  results  and  the 
exact  theory  bear  the  same  relation  to  the  design  approach  using  the 
U-tube  analogy.  Even  those  model  tanks  having  narrow  cross-over 
ducts  fall  in  line.  (Ships  2,  3,  4|  6  and  7).  Figure  2  is  a  ]^ot 
of  the  same  data  arranged  to  Investigate  the  dependence  on  water 
depth.  This  is  not  a  strong  dependence  except  for  large  values  of 
JT  .  Practical  considerations  of  B-tube  "mraient"  terms  will  lead 
the  design  to  values  of  between  .4  and  .7,  so  that  this  effect 
as  shown  by  "exact"  theory  is  not  Important. 

It  is  recoanended  that  the  curve  of  figure  1  be  used  to  correct 
the  U^tube  frequency  in  the  design  process. 


NOTE;  The  opinions  expressed  in  this  paper  are  those  of  the  author 
and  do  not  necessarily  represent  those  of  the  Navy  Department. 
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TABLE  1.  CONPAHISON  OF  MEASJiiED  TANK  FhEQUENCY 
AND  U-TUBE  ANALOGY  FREQUENCY 


.ppp* 

^DES 

40 

MEAS 

ir 

1 

.800 

.695 

.606 

.902 

.779 

.606 

2 

.511 

.460 

.51 

3 

.666 

.675 

.389 

4 

.462 

.470 

.462 

.504 

.501 

.462 

.542 

.533 

.462 

5 

.550 

.452 

.709 

.632 

.535 

.709 

.701 

.603 

.709 

6 

.661 

.671 

.486 

.775 

.743 

.486 

.867 

.912 

.486 

7 

.570 

.504 

.51 

A 

1- 

*^meas 

<271^ 

1.00 

.053 

.^33 

1.00 

.068 

.633 

.864 

.57 

.068 

.74 

.900 

.50 

.111 

.849 

1.014 

.50 

.082 

.838 

1.017 

.50 

.098 

.838 

.994 

.50 

.114 

.838 

.983 

1.00 

.042 

.497 

.822 

1.00 

.056 

.497 

.846 

1.00 

.070 
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.396 
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.764 

1.015 

.396 

.149 

.764 

.959 

.396 

.189 

.764 

1.051 

.57 

.085 

.74 

.884 

TABLE  2.  COMPARISON  OF  EXACT  WAVE  THEORY  IN  A 
RECTANGULAR  TANK  WHH  U-TUBE  ANALOGY 


CO. 
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.692 

.219 
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1.035 
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.720 

.322 

.20 

1.127 

1.047 

.998 

.936 

.761 

.a9 

L=i2: 

1.0 

.84 

^15 _ 

.64 

.36 
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STABILITY  AUGMENTATION  FOR 
SURFACE  PIERCING 
HYDROFOIL  CRAFT 


Henry  R.  Ask 
Senior  Analytical  Engineer 
Hamilton  Standard  Division  UAC 
Broad  Brook,  Connecticut 


I  INTRODUCTION 


Early  in  I960,  the  decision  was  made  by  Hamilton  Standard  to 
perform  a  feasibility  study  for  Grumman  Aircraft  and  the  former 
Dynamic  Developments,  Inc.  on  providing  stability  augmentation 
for  the  craft  now  called.  Denison.  A  two  part  study  ^*2  was  made, 
the  results  of  which  form  the  main  body  of  this  paper.  As  a  result 
of  the  Phase  I  study,  Hamilton  was  awarded  the  contract  to  supply 
the  stability  augmentation  system  for  the  prototype  craft.  Since 
that  time,  Hamilton  has  performed  many  similar  studies  on  both  fully 
submerged  and  surface  piercing  foil  equipped  craft  and  currently 
is  providing  hardware  for  a  number  of  development  programs. 

In  those  cases  studied,  involving  several  different  craft  confi¬ 
gurations  using  surface  piercing  hydrofoils,  the  general  conclusion 
was  the  same.  Longitudinal  stability  augmentation  of  the  craft 
configurations  studied  afforded  a  significant  increase  in  the  sea¬ 
keeping  capabilities.  In  fact,  the  term  stability  augmentation  might 
well  be  dropped,  in  this  case,  in  favor  of  "seakeeping  augmentation". 
The  craft  investigated  were,  in  most  cases,  quite  stable  inherently 
or  could  be  modified  for  improved  stability.  However,  studies 
showed  that  a  significant  increment  in  improved  performance  could 
always  be  obtained  when  operating  in  a  seaway.  The  type  of  aug¬ 
mentation  and  the  degree  of  complexity  were  variable,  but  the  per¬ 
formance  gains  were  apparent. 

The  study  results  that  follow  are  typical  of  the  theoretically  pre¬ 
dicted  results  of  other  investigations.  Because  of  the  current  interest 
in  Denison,  it  is  believed  that  the  Denison  investigation  would  prove 
most  interesting. 


U  DETAILED  DISCUSSION 

All  the  surface  piercing  craft  studied  were  conventional  in  design, 
i.e.,  all  were  configured  with  the  main  supporting  foils  forward.  In 
addition,  the  aft  foils  were  fully  submerged. 
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Figure  I  is  a  schematic  side  view  of  the  Denison  foil  system  plus 
the  general  terminology  used  for  the  analytical  investigation.  The 
aft  foil  assembly  is  fully  submerged  with  the  foil  rotatable  for  inci¬ 
dence  control.  The  forward  foil  is  a  swept  double  dihedral  assembly 
with  a  portion  of  the  lower  foil  section  flapped. 

The  angular  rotation  of  the  aft  foil  with  respect  to  its  neutral 
position  is  designated  (^a)  and  the  forward  flap  angular  rotation 

The  basic  motions  investigated  were  the  heaving  motions  of  the 
craft  (Z),  the  pitching  motions  (P),  and  their  derivatives.  The  in¬ 
stantaneous  forward  and  aft  foil  immersions  were  designated  hf  and 
ha  respectively.  The  longitudinal  response  of  the  craft  was  studied, 
using  the  equations  of  motion  presented  to  this  seminar  two  years 
ago  by  Dr.  Francis  Ogilvie. 

For  a  detailed  study  of  the  basic  assumptions  and  equation  de¬ 
velopment,  Dr.  Ogilvie's  paper  3  is  referenced.  For  this  study,  the 
unsteadiness  effects  were  ignored  and  the  equations  were  modified 
to  include  the  non-linearities  of  the  particular  craft  under  study. 

Figure  2  is  a  compilation  of  the  longitudinal  equations  in  general 
form.  A  brief  review  of  the  equation  representation  is  given  below: 

The  first  equation  is  the  summation  of  forces  along  the  x  axis  and 
the  second  is  the  summation  of  torques  about  the  horizontal  longi¬ 
tudinal  axis.  The  general  lift  equation  is  shown,  where  the  area  factor 
(s),  the  lift  curve  slop  (C)  and  the  angle  of  attack  (or)  are  all  vari¬ 
ables  for  the  surface  piercing  forward  foil.  For  the  controlled  case, 
the  term  (K^  )  is  summed  with  or.  (K^  being  flap  or  foil  angle  times 
flap  effectiveness.) 

The  area  term  forward  (Sf)  is  shown  as  ZAf  (hf),  where  (hf)  is  the 
instantaneous  forward  foil  .immersion  defined  as  a  function  of  the 
steady  state  calm  water  value  (d'f),  the  instantaneous  craft  heave 
(Z),  the  product  of  the  pitching  term  ( f^)  and  the  variable  forward 
moment  arm  (If).  When  operating  in  a  seaway  representation,  the 
area  is  also  a  function  of  the  instantaneous  sea  amplitude  shown  as 
acos  (  /  t  +  klfj,).  The  term  {y')  is  the  incidental  wave  frequency  and 
(klfj.)  is  the  phase  lead  of  the  wave  motion  with  respect  to  the  craft 
eg  position.  For  the  aft  foil  which  is  fully  submerged  with  no  di¬ 
hedral,  the  general  lift  equation  is  modified  by  making  the  area  (Sa) 
constant  or  zero  when  ha  equals  zero  2md  sign  changes  on  the  terms 
la  and  The  lift  curve  slopes  are  also  functions  of  the  instantan¬ 

eous  immersion  and  were  treated  accordingly,  based  on  experimental 
data. 

Basically,  the  angle  of  attack  (a)  of  the  foils  can  be  expressed  as 
a  function  of  the  craft  pitching  angle  ()^),  the  vertical  component  of 
the  orbital  water  velocity  (v^^)  and  the  instantaneous  foil  vertical  velo¬ 
city  (v).  Specifically  (v^)  is  equal  to  the  product  of  the  wave  ampli¬ 
tude  (a),  the  wave  frequency  {(O)  in  radians,  the  depth  exponential 
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e-K^and  the  sine  instead  of  cosine  of  the  same  terms  described  for 
the  wave  amplitude  expression.  The  depth  exponents!  is  evaluated 
by  an  iterative  process  in  computation  using  the  mean  values  of  foil 
immersion  (Cf). 

The  foil  vertical  velocity  (v)  is  simply  the  sum  of  the  craft  verti¬ 
cal  velocity  at  the  ce  (z)  and  the  local  vertical  velocity  component 
due  to  pitching.  (Ifp^.  Due  to  the  swept  back  forward  foil  and 
hence  longitudinal  travel  of  the  center  of  pressure,  the  forward  mo¬ 
ment  arm  was  considered  variable  in  the  torque  summation  equation 
being  a  function  of  the  instantaneous  immersion.  The  aft  moment  arm 
was  considered  constant. 

The  actuator  dynamics  were  assumed  second  order  having  an 
exponentially  decaying  simusoidal  time  response.  The  damping  (X) 
was  assumed  near  critical  and  cutoff  frequency  (fo)  was  adjusted  to 
not  seriously  degrade  controller  response.  Other  non-linear  con¬ 
straints  (not  shown),  such  as  actuator  velocity  limiting  and  position 
limiting,  were  used  if  the  initially  computed  values  were  found  ex¬ 
cessive. 

The  control  dynamics  were  variable  in  the  course  of  optimising 
the  craft  performance. 

The  command  input  (cj,  f)  to  the  actuators  was  made  a  function 
of  basic  craft  motions  and/or  its  derivatives  modified  by  simulated 
internal  controller  dynamics. 

This  particular  study  used  a  sinusoidal  sea  representation.  Al¬ 
though  not  necessarily  a  realistic  disturbance  input,  the  sinusoidal 
sea  is  nevertheless  invaluable  in  determining  trends  in  performance. 
Later  studies  on  a  similar  craft  using  statistical  seas  showed  that 
although  performance  might  be  predicted  for  a  particular  sea  state, 
trends  in  performance  were  indeed  difficult  to  assess  for  varying 
craft  and  controller  dynamics. 

The  equations  analyzed  were  not  bounded  by  the  hull.  Whenever 
motions  exceeded  values  which  were  indicative  of  substantial  hull 
contact,  the  performance  was  considered  unsatisfactory.  The  equa¬ 
tions  shown  were  mechanized  on  a  high  speed  repetitive  analog  com¬ 
puter.  All  significant  non-linearities  were  programmed  from  ex¬ 
perimental  or  geometric  data. 

Figures  3,  4  and  5  are  curves  which  describe  the  variation  of  the 
parameters  Sf,  If^  C'f  and  C'a  with  immersion.  In  each  case,  the 
variables  were  programmed  on  the  computer  exactly  as  shown  or  by  a 
number  of  straight  segments.  Figure  3  also  shows  a  line  drawing  of 
the  front  view  of  a  forward  foil  as  well  as  the  projected  and  planform 
areas  as  a  function  of  immersion.  Figure  4  shows  that  the  forward 
moment  arm  due  to  sweep  varies  by  approximately  15%  or  greater, 
depending  on  immersion. 
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Ill  COMPUTER  PERFORMANCE 


Figure  6  shows  the  smooth  water  transient  response  of  the  craft 
uncontrolled.  The  transient  response  is  also  shown  for  the  40  and  50 
knot  cases  with  a  typical  controller  implementation.  It  can  be  seen 
that  the  craft  is  fairly  well  behaved  uncontrolled,  requiring  approxi¬ 
mately  2  cycles  to  settle  after  an  impulse  disturbance.  The  damped 
natural  frequency  of  the  craft  varied  from  .2  cps  at  60  knots  to  .  11 
cps  at  40  knots.  It  is  interesting  to  note  that  when  this  craft  is  oper¬ 
ating  in  a  following  sea  with  wave  amplitudes  roughly  equaJ  to  the 
effective  strut  length,  the  incidental  waves  with  A  ratios  in  the  20/1 

to  40/1  band  are  arriving  around  .1  to  .  2  cycles  per  second.  On  the 
basic  of  this  observation  and  the  computed  calm  water  stability  as 
shown,  one  might  tentatively  conclude  that  the  performance  in  a 
following  sea  with  the  above  conditions  would  be  marginal,  since  the 
uncontrolled  craft  damping  in  pitch  and  heave  is  less  than  critical. 

One  must  expect  amplification  of  a  wave  forcing  function  when  it  oc¬ 
curs  at  the  damped  natural  frequency  of  the  vessel. 

The  seakeeping  performance  investigation  of  the  craft  was  re¬ 
stricted  to  the  following  conditions: 

head  seas  \  . 

following  seasX  2a  s  5  ft,  ^/2a  =  20/1,  40/1 

head  seas  ^  . 

following  seas/  2a  =  8  f5,  A/2a  =  20/1,  40/1 

These  conditions  are  somewhat  indicative  of  sea  state  5  with  a 
wind  velocity  of  20  knots  where  5  feet  is  the  average  height  and  8 
feet  the  significant  wave  height.  From  the  energy  standpoint,  how¬ 
ever,  even  the  sinusoidal  5  foot  sea  representation  contains  more 
energy  than  a  true  statistical  sea  in  a  20  knot  wind.  In  addition,  all 
the  energy  is  concentrated  in  a  single  frequency.  If  this  single  fre¬ 
quency  occurs  at  or  near  the  natur^  frequency  of  the  craft,  a  more 
rigorous  sea  representative  could  hardly  be  chosen.  As  was  pointed 
out  earlier,  however,  this  study  was  not  to  determine  actual  perfor¬ 
mance  in  a  particular  seaway  but  to  determine  trends  in  performance. 

Regular  wave  trains  were  applied  to  the  longitudinal  craft  re¬ 
presentation  as  determined  by  the  particular  amplitude,  wavelength, 
craft  heading  and  velocity  conditions.  It  was  found  that  operation  in 
head  seas,  where  the  impinging  wave  frequencies  were  high,  yielded 
results  similar  to  the  short  crested  following  sea  case.  From  the 
standpoint  of  what  is  required  to  keep  the  craft  foil  borne,  the  follow¬ 
ing  sea  case  is  much  more  rigorous.  Hence,  all  results  shown  are 
for  following  seas. 
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Figures  7,  8  and  9  are  shown  as  typical  computer  response  photos 
for  the  following  sea  condition*  Figure  7  shows  what  is  believed  to 
be  the  three  most  important  parameters  used  in  assessing  craft  longi¬ 
tudinal  performance*  The  top  photo  is  the  vertical  accelerations  at 
the  eg*  The  top  trace  indicates  the  uncontrolled  acceleration  level  and 
the  lower  trace  the  level  with  a  control  implementation  considered 
near  optimum  for  the  conditions*  The  two  lower  photos  show  the  for¬ 
ward  and  aft  instantaneous  foil  immersions  respectively*  These 
parameters  contain  all  the  motions  of  interest  with  respect  to  the 
surface  and  hence  are  a  direct  indication  of  either  foil  broach  (h  >  0) 
or  hull  contact  (h  =  effective  strut  length)*  The  H  =  0  level  is  the 
short  solid  trace  to  the  left  before  the  oscillations  start.  The  point 
of  hull  contact  is  found  by  measuring  off  a  distance  equal  to  8  feet 
from  the  zero  immersion  line. 

The  typical  computer  responses  on  Figures  8  and  9  are  shown  for 
three  following  sea  conditions*  Examination  of  the  pitching  and  heav¬ 
ing  motions  will  show  that  the  control  system  is  not  as  effective  for 
the  short  crested  case,  based  on  the  relative  improvement*  This 
is  due  primarily  to  the  actuator  response  limitations.  However,  the 
short  crested  case  can  be  negotiated  successfully  without  augmentation* 

One  of  the  most  important  conclusions  resulting  from  previous 
analytical  and  experimental  investigations  on  surface  piercing  craft 
was  the  steady  state  downward  shift  in  heave  in  a  seaway*  This 
shift,  due  to  the  non-linearities,  was  observed  in  the  results  computed 
for  this  study  also*  Further,  the  measured  offset  was  found  to  be  a 
direct  function  of  the  magnitude  of  the  craft  oscillations*  With  aug¬ 
mentation,  the  steady  heave  component  was  small  and  not  easily 
measured*  Uncontrolled,  the  steady  heave  for  some  cases  exceeded 
50  percent  of  the  wave  amplitude  forcing  function*  Figure  10  shows 
the  (J?dc/2a)  for  four  following  sea  conditions*  Obviously  this  shift 
can  contribute  to  the  craft's  inability  to  perform  under  certain  sea 
conditions  and  could  make  the  difference  between  success  or  failure* 

Figure  11  is  a  normalized  plot  of  pitching  amplitude  versus  wave 
length*  Again,  for  the  short  crested  sea,  the  control  system  provides 
no  apparent  advantage*  However,  for  longer  wave  lengths,  the  pitching 
motions  were  reduced  5  to  10  times  that  of  the  uncontrolled  motions* 
The  lowest  points  indicate  that  use  of  both  fore  and  aft  control  of 
foils  yields  an  additional  significant  reduction  in  pitching  amplitudes* 
Figure  12  is  a  similar  plot  of  normalized  heave  motions  versus  wave 
length*  Figures  13  and  14  show  the  maximum  instantaneous  immersion 
versus  wave  length  for  the  fore  and  aft  foils*  The  points  plotted  sig¬ 
nificantly  above  the  hull  clearance  line  are,  of  course,  unrealistic*  As 
was  pointed  out  earlier,  the  problem  was  not  bounded  by  the  hull* 

The  points  plotted  do  illustrate  that  the  chances  for  success  are 
markedly  improved  when  the  optimum  fore  and  aft  augmentation  con¬ 
trol  is  used.  Figure  15  shows  the  improvement  in  accelerations  mea- 
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sured.  For  large  amplitudes,  the  accelerations  followed  no  set  pattern 
because  of  non-linearities.  However,  for  the  controlled  case  where 
motion  amplitudes  are  small,  the  acceleration  levels  are  near  those 
which  may  be  predicted  from  linear  theory. 


IV  TYPICAL  SYSTEM  IMPLEMENTATION 


The  actual  implementation  of  a  stability  augmentation  system  to 
achieve  the  performance  gains  cited  follows  techniques  presently  used 
for  airborne  vehicles. 

Figure  16  shows,  in  simplified  schematic  form,  the  system  com¬ 
position  for  longitudinal  stability  augmentation.  To  stabilize  the 
craft  in  heave,  an  accelerometer  is  used  to  sense  heave  accelerations. 
The  heave  acceleration  signal  is  processed  in  the  electronics  to  re¬ 
move  undesirable  inputs  and  integrated  in  approximate  form.  The 
processed  signal  is  then  fed  to  a  servo  valve  in  the  port  and  starboard 
actuator  servo  loops.  The  actuator  drives  the  flap  until  the  sensed 
flap  position  signal  feedback  cancels  the  input. 

The  pitching  motions  of  the  craft  are  sensed  with  a  vertical  gyro. 
The  electronics  processes  the  signal  to  drive  the  servo  valve  in  the 
aft  foil  position  servo  loop.  The  present  Denison  System  utilizes 
heave  rate  as  the  basic  feedback  signal  to  the  forward  flaps  and  pitch 
rate  to  the  aft  foil.  To  take  full  advantage  of  the  forward  flap  actu¬ 
ator  implementation,  the  Denison  System  has  been  expanded  to  provide 
augmentation  in  roll  also.  This  is  done  by  actuating  the  flaps  dif¬ 
ferentially,  in  response  to  processed  roll  error  as  sensed  by  the  verti¬ 
cal  gyro.  In  addition,  yaw  rate  as  sensed  by  a  separate  rate  gyro  is 
fed  differentially  to  the  forward  flaps  to  cause  the  craft  to  bank  into  a 
turn  for  increased  maneuverability. 

The  system  described  is  quite  sophisticated  since  it  performs  a 
number  of  functions.  It  is  entirely  possible,  however,  that  for  this 
craft  or  any  other  craft,  only  a  single  axis  control  would  be  used  for 
simplicity  and  economy.  The  studies  performed  to  date  have  shown 
that  substantial  longitudinal  performance  gains  can  be  had  with  single 
axis  foil  or  flapped  foil  control  alone. 

Experimental  results  will  be  forthcoming  in  the  near  future  with 
the  Denison  System  now  in  the  early  phases  of  flight  testing.  A 
manned-fifth  scale  model  has  been  undergoing  testing  for  some 
time  with  stability  augmentation.  Weight  and  size  restrictions  have 
minimized  the  on-board  instrumentation,  hence,  performance  to  date 
has  been  assessed  primarily  on  a  qualitative  basis.  Some  quantitative 
data  has  been  taken  on  the  one  fifth  scale  manned  model  which  is 
quite  promising. 
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Figure  17  is  a  composite  plot  of  impulse  response  of  the  craft 
in  pitch  as  computed  theoretically  and  as  measured  experimentally. 

The  experimental  data  was  recorded  on  the  1/5.5  Froude  scale  manned 
model  and  corrected  to  prototype  time  units  by  ^5.  5.  The  damping 
and  the  natural  periods  are  in  quite  good  agreement.  Also  shown  is 
the  impulse  response  measured  experimentally  for  the  same  condi¬ 
tions  using  the  stability  augmentation  system. 

Figure  18  is  data  taken  experimentally  with  the  manned  model 
running  in  a  following  sea.  The  waves  were  approximately  1  foot  in 
height  with  a  crest  to  crest  distance  extimated  between  10  and  15  feet. 
Theoretical  studies  predicted  that  the  stability  augmentation  system 
would  not  be  very  beneficial  for  such  a  short  crested  wave  condition. 
However,  the  experimental  data  shows  that  a  better  than  expected 
reduction  in  the  craft  oscillatory  responses  does  occur  for  this  re¬ 
latively  high  wave  encounter  frequency.  There  is  little  doubt  that  a 
substantial  improvement  in  seakeeping  qualities  does  take  place  on 
the  model  and  the  fully  instrumented  prototype  will  soon  provide  the 
comprehensive  quantitive  data  required. 

The  basic  conclusion  of  this  study  and  other  studies  on  similar 
surface  piercing  foil  equipped  vessels  is  that  stability  augmentation 
can  provide  a  significant  improvement  in  seakeeping  ability,  even 
though  the  vessel  may  have  good  inherent  stability  characteristics. 

Present  thinking  revolves  about  two  basic  hydrofoil  craft  types; 

1.  Surface  Piercing 

Fixed  Foil  Hydrofoil  Craft: 

Limited  to  inland  waters  or  sheltered  ocean  areas. 

2.  Fully  Submerged  Hydrofoil  Craft: 

Potentially  capable  of  operation  in  the  open  sea  better  than 
90%  of  the  time. 

From  this  and  other  similar  studies  performed  to  date,  plus  the 
experimental  flight  testing  accomplished  thus  far,  a  third  category 
of  hydrofoil  craft  is  suggested. 

3.  Surface  Piercing  Hybrid 

Hydrofoil  Craft  With  Sea  Keeping  Augmentation! 

Capable  of  operation  in  moderate  to  heavy  open  sea  condi¬ 
tions  with  augmentation  and  possessing  the  ability  to  perform 
without  controls  for  less  rigorous  conditions. 

It  would  seem  reasonable  that,  just  as  aircraft  designs  are  ex¬ 
tremely  variable  for  many  uses,  the  "hybrid"  hydrofoil  craft  will  also 
find  its  place  in  the  rapidly  expanding  field  of  h^rofoil  craft  application. 
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PiaURE  I.  OENERAL  FOIL  CONPIOURATION  USED 


CRAFT: 


MZ  =  L£  +  -  W 

IT  =L£l£.L^l^ 
where: 

'^t.a  =  Sf.,  [Cj  +  C  («  +  K,,^  6,.^)  ] 

specifically: 

S£  =  2A£(h£).  h£  =  [d'f  -  Z  -  IfT  +  a  cos  (V't  +  Klfj.)  ] 

Sa  =  Constant  or  0  when  hj^  =  0 
^'f.a  ■  Wta^‘  or  =  T  +  Vvv  -  V 

where  =  +  aii»e  sin  (V't  +  kl£) 

V  =  Z  +  l£T' 

l£  =  f(h£)  1^  =  Constant 

Actuators: 

6£,  3^  =  C£^  a  ZlTfQt  (Linearized) 

Control : 

•  •  •  * 

C£,  a  =  Z,  Z,  Z,Hf,V)  (Depending  on  Control  Implementation) 

Figure  2.  GENERAL  EQUATIONS  OF  MOTION 
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FIG. 5.  TAIL  FOIL  IMMERSION 
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Figure?.  IMPORTANT  PARAMETER  RESPONSES  IN  A  SEAWAY 
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Figure  8.  PARAMETER  RESPONSES  IN  A  SEAWAY 
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PIODRE  11.  PITCH  OSCILLATIONS  VS  WAVE  LENGTH 


PIOORE  13.  MAXIMUM  INSTANTANEOUS  FORWARD  FOIL  IMMERSION  VS  WAVE 
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I.  INTRODUCTION 

The  successful  development  of  hydrofoil  craft  to  a  large  extent 
depends  upon  their  satisfactory  operation  in  a  seaway.  This  aspect  of 
hydrofoil  performance  has  been  investigated,  both  analytically  and  ex¬ 
perimentally,  but  for  the  most  part  has  been  restricted  to  seaways  con¬ 
sisting  of  regular  waves.  Actual  hydrofoil  craft  will  operate  in  seas 
whose  most  obvious  characteristic  is  their  complete  lack  of  regularity, 
and  it  therefore  seems  timely  to  develop  techniques  for  predicting  and 
optimizing  the  performance  of  hydrofoil  craft  in  irregular  seas. 

Because  of  the  random  nature  of  the  sea  surface,  statistical  tech¬ 
niques  should  be  applied  to  measure  and  characterize  the  sea  surface. 
Consequently,  similar  statistical  methods  must  be  used  to  describe  and 
analyze  the  motions  of  hydrofoil  craft  in  irregular  seas. 

Suitable  statistical  techniques  are  developed  herein  and  applied 
to  the  analysis  and  prediction  of  the  motions  of  hydrofoil  craft  running 
in  a  seaway,  and  are  verified  experimentally.-  The  techniques  used  are 
general  but  are  restricted  in  this  specific  investigation  to  craft 
equipped  with  surface  piercing,  non-ventilated  dihedral  foils. 

Method  for  Predicting  Motions  in  Waves.  The  principle  of  linear 
superposition  is  the  method  used  for  predicting  hydrofoil  motions  in 
irregular  waves.  In  this  theory,  the  complex  random  seaway  is  assumed 
to  be  composed  of  a  number  of  component  regular  waves  of  varying  fre¬ 
quency  and  amplitude,  and  the  response  of  the  craft  to  each  component  is 
obtained.  The  total  motion  of  the  craft  is  then  obtained  by  superposition 
of  the  responses  to  the  individual  components  of  the  wave.  This  technique 
may  be  rigorously  applied  to  linear  systemsi  its  successful  application 
to  hydrofoil  craft  motions  depends  upon  nonlinear  effects  being  minor, 
and  has  to  be  demonstrated  experimentally. 

In  predicting  the  motions  of  hydrofoil  craft,  the  first  step  is  a 
description  of  the  random  seaway.  This  is  done  by  applying  the  theory 
of  power  spectrum  analysis,  as  developed  by  Tukey,l  Rice, 2  Tukey  and 
Hamming^  and  others,  to  the  random  wave  pattern  and  obtaining  the  energy 
spectrum  of  the  seaway.  Details  of  the  treatment  of  such  data  and  its 
use  to  represent  an  actual  sea  state  can  be  found  in  ref.  14. 

The  next  step  is  to  determine  the  motion  of  the  craft  in  regular 
seas  of  varying  frequency.  The  response  of  the  craft  is  essentially 
sinusoidal  when  running  in  a  regular  train  of  sinusoidal  waves,  and  the 
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ratio  of  the  amplitude  of  the  heaving  and  pitching  motions  to  the  wave 
amplitude  determines  the  modulus  of  the  transfer  function,  or  the  square 
root  of  the  response  amplitude  operator,  at  each  encounter  frequency. 

By  varying  the  wave  length  and  speed  of  advance,  the  response  amplitude 
operator  is  determined  as  a  function  of  the  frequency  of  encounter  for 
any  one  particular  craft  heading. 

The  response  amplitude  operator,  as  determined  from  regular  sea 
analysis,  is  then  used  with  the  wave  spectrum  to  construct  the  predicted 
energy  spectrum  of  the  craft  motions.  This  is  accomplished  by  multiply¬ 
ing  the  energy  density  in  the  wave  spectrum  at  each  frequency  and  con¬ 
tinuing  the  calculation  over  the  entire  frequency  range  of  the  wave 
spectrum.  The  result  of  this  procedure  of  linear  superposition  of  the 
component  responses  then  yields  the  predicted  energy  spectrum  for  the 
motion  of  the  craft  in  the  random  sea.  From  this,  statistical  inter¬ 
pretation  can  be  made  as  to  the  severity  of  the  motions  in  a  given 
seaway. 

Experimental  verification  consists  of  carrying  out  the  above  in¬ 
vestigations  for  a  particular  craft  in  regular  seas  to  determine  the 
response  amplitude  operators,  then  testing  in  irregular  seas  of  varying 
severity  at  several  speeds  and  headings,  and  comparing  the  predicted 
rough  water  behavior  with  that  actually  observed. 

II.  EXPERIMENT 

To  investigate  the  validity  of  linear  superposition  techniques 
applied  to  hydrofoil  motions  in  irregular  seas,  an  experiment  was  devised 
in  which  a  tandem  hydrofoil  craft  was  constructed  and  tested  in  regular 
head  and  following  seas,  and  at  different  speeds,  to  determine  the 
transfer  function  modulus  for  the  longitudinal  motions.  After  these 
were  determined,  the  model  was  tested  in  irregular  seas  to  determine 
both  the  wave  and  motion  spectra  for  each  case.  Predictions  of  motion 
spectra  using  linear  superposition  techniques  then  enabled  a  direct 
corqjarlson  with  actually  observed  motion  spectra  to  determine  the  valid¬ 
ity  of  the  technique. 

The  craft  constructed  for  the  experimental  program  employed 
tandem  "V -foils."  This  configuration  was  chosen  to  siiqplify  the  program 
as  much  as  possible,  in  that  the  area-stabilized  system  would  eliminate 
complex  control  mechanisms.  The  craft  is  shown  in  Fig.  1.  It  consisted 
of  two  identical  foils  placed  symmetrically  with  respect  to  the  center 
of  gravity.  The  foil  section  was  a  12X  thick  NACA  Series  "16,"  with  a 
2-inch  chord,  30°  dihedral  angle,  and  20-inch  span.  The  foils  were 
attached  to  a  box  frame  having  rectangular  dimensions  of  8  inches  by 
48  inches.  The  foil  spacing  from  mid-chord  points  was  44  inches.  A 
ball  bearing  pivot  box  was  attached  to  a  center  plate  on  the  model  frame 
to  allow  freedom  in  pitch,  and  the  pivot  box  was  attached  to  a  vertical 
pole  in  the  carriage  apparatus  which  was  free  to  heave.  During  the  test¬ 
ing,  the  geometrical  incidence  of  both  foils  was  the  same.  Two  vertical 
poles  fore  and  aft  of  the  center  plate  allowed  weights  to  be  attached 
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to  ballast  the  model,  so  that  at  all  times  the  model  center  of  gravity 
was  located  at  the  axis  of  the  pivot. 

The  experiments  were  carried  out  in  Tank  No.  3  of  Davidson  Labora¬ 
tory.  A  main  carriage,  running  on  an  overhead  rail,  was  used  to  carry 
the  model  down  the  tank.  This  carriage  incorporates  a  vertical  pole 
running  through  bearing  traces,  to  which  the  model  was  attached  and  was 
free  to  heave  with  certain  pre-set  limits  (Fig.  l) . 

Measurements  of  heaving  and  pitch  motions  were  obtained  using 
calibrated  differential  transducers.  The  pitch  transducer  was  of  the 
rotary  type  and  attached  to  the  pivot  box  on  the  model.  The  heave 
measurement  used  a  linear  type  Schaevitz  attached  to  the  vertical  heave 
pole.  Both  signals  from  the  transducers  were  brought  from  the  model 
through  overhead  telemetry  cables,  idiich  played  out  as  the  model  traveled 
down  the  tank,  and  were  fed  into  Sanborn  carrier  amplifiers.  A  record 
on  oscillograph  tape  gave  a  time  history  of  the  longitudinal  motions  of 
the  craft. 

Two  resistance-type  wave  wires  were  used  to  record  the  surface 
elevation  of  the  waves  into  which  the  model  traveled.  One  wave  wire 
was  mounted  on  the  model  3  feet  forward  of  the  center  of  gravity,  the 
other  mounted  in  a  fixed  position  about  the  150-foot  mark  of  the  tank. 

Both  signals  were  amplified  in  the  Sanborns  and  displayed  in  analog 
form  on  the  oscillograph  strip  charts. 

In  addition  to  the  analog  records  of  the  motions  and  wave  heights 
obtained  on  the  strip  charts,  the  Irregular  sea  experiments  employed  a 
14-channel  magnetic  tape  recorder  with  a  variable  speed  capacity.  In 
these  tests,  the  signals  from  the  wave  wire  and  transducers  were  fed  into 
the  magnetic  tape  recorder;  and  later  replayed  at  a  slower  speed  into  the 
Davidson  Laboratory's  analog-to-digital  converter,^  This  yielded  a 
punched  tape,  which  represented  in  octal  code  form  all  the  analog  data 
sampled  at  a  real  time  interval  of  0.10  seconds.  With  the  required  four 
information  channels,  the  maximum  digitizer  sampling  rate  was  10  readings 
per  second.  Since  this  rate  was  inadequate  for  the  tests  at  high  speed, 
using  the  magnetic  tape  recorder  and  replaying  the  record  at  a  slower 
speed  Increased  the  capacity  of  the  analog-to-digltal  conversion  process 
by  simulating  an  increased  sampling  rate  which  could  not  otherwise  be 
obtained  due  to  mechanical  limitations  of  the  digitizing  apparatus. 

The  punched  tape  in  digital  code  was  then  converted  to  a  set  of 
IBM  punched  cards  for  use  as  input  to  the  spectral  analysis  program, 
performed  on  an  IBM  1620  at  Stevens  Institute. 

Test  Program.  The  craft  was  tested  in  regular  head  seas  at  two 
speeds,  !$  and  8  /ps,  and  in  regular  following  seas  at  5  fps.  Several  wave 
heights  were  used  as  a  check  on  the  linearity  of  the  response  in  heave 
and  pitch  with  wave  height.  A  range  of  wave  lengths  was  used  to  cover 
the  expected  range  of  significant  frequencies  in  the  Irregular  waves. 

Long  wave  lengths  were  required  to  cover  the  lower  range  of  frequencies. 
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In  head  seas,  within  the  physical  limits  of  the  testing  facility,  this 
could  be  accomplished  only  for  waves  of  small  amplitudes.  In  the  follow¬ 
ing  sea  case,  low  frequencies  of  encounter  were  unattainable  since  the 
model  did  not  sustain  even  one  complete  oscillation  over  the  length  of 
tank  available.  Hence  response  data  at  all  frequencies  in  the  range  of 
Interest  could  not  be  obtained. 

The  hydrofoil  craft  was  tested  in  various  Irregular  seas  of  in¬ 
creasing  severity  to  check  on  the  linearity  of  the  results.  Tests  were 
conducted  at  5  and  8  fps  in  head  seas  and  5  fps  in  following  seas.  The 
irregular  wave  program  in  use  at  Davidson  Laboratory  involves  a  cycle 
of  100  frequency  changes  to  the  wave -making  paddle,  controlled  by  a 
stepping  switch.  The  length  of  tank  available  at  the  test  speeds  did 
not  permit  a  continuous  run  through  the  entire  wave  program}  five  shorter 
runs  were  taken  each  over  a  different  part  of  the  wave  cycle.  The  re¬ 
sults  for  the  five  shorter  records  were  analyzed  and  then  averaged  to 
obtain  the  spectrum  for  the  full  cycle.  The  sea  state  was  altered  by 
changing  the  radius  of  the  crank  arm  to  the  wave  paddle.  Three  sea 
states  v«ere  used  for  tests  at  5  fps  in  head  seas,  and  when  preliminary 
results  indicated  no  dependence  on  sea  state  severity  within  the  range 
contemplated  for  these  tests,  the  other  tests  were  conducted  omitting 
this  check. 

No  experiments  have  been  carried  out  to  determine  exactly  what 
tolerances  apply  to  the  experimental  measurements.  However,  from  past 
experience  in  similar  experiments  in  the  towing  tank,  it  is  believed 
that  the  heave  motion  is  accurate  to  within  ±0.02  inches  and  the  trim 
measurements  to  within  0.10  of  a  degree.  Measurements  of  wave  heights 
recorded  are  believed  accurate  to  about  1(}C.  The  error  involved  in  con¬ 
version  to  digital  form  of  the  analog  data  in  the  irregular  sea  tests 
is  of  the  order  of  at  most  W. 

III.  RESULTS  AND  ANALYSIS 

Regular  Sea  Response  Operators.  The  craft  was  tested  in  head  seas 
at  speeds  of  5  and  8  fps  and  in  f^ollowing  seas  at  a  speed  of  5  fps.  For 
each  wave  length,  several  wave  heights  were  employed,  and  the  resulting 
wave  profiles  and  craft  responses  were  recorded  on  calibrated  strip  charts. 
The  amplitudes  of  the  motions  in  heave  and  pitch  were  obtained  directly 
from  these  charts,  and  division  by  the  wave  height  then  yielded  the 
square  root  of  the  response  operator  in  the  heaving  and  pitching  degrees 
of  freedom.  These  response  amplitude  operators  were  then  plotted  against 
the  frequency  of  encounter  to  obtain  the  response  spectrum  for  the  craft. 
Figures  2  to  4  show  the  results  for  heave  and  pitch  responses  as  a  func¬ 
tion  of  encounter  frequency.  These  data  cover  a  variety  of  wave  heights, 
ranging  from  0.5  to  1.75  chords,  indicating  that  the  values  of  the 
response  operator  are  independent  of  wave  height. 

The  encounter  frequency  in  a  following  sea  is  a  triple-valued 
function  of  the  wave  frequency  for  a  given  speed  of  advance,  and  thus 
the  results  for  following  sea  response  operators  are  given  as  separate 
curves  for  each  of  two  regions  of  wave  frequencies  of  interest. 
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Irregular  Sea  Spectra.  The  power  spectra  for  the  static  wave  and 
longitudinal  motions  were  obtained  using  the  procedure  outlined  In  ref.  9 
and  the  results  are  shown  In  Figs.  8a  to  8e.  Figures  8a,  8b  and  8c  show 
spectra  for  heave  and  pitch  in  each  of  the  three  sea  states  tested  at 
5  fpsj  Fig.  8d  Indicates  the  results  for  the  higher  speed  test,  while 
Fig.  8e  shows  the  results  for  following  seas.  In  each  of  these  spectra, 
the  data  point  shown  represents  the  value  of  the  average  energy  density 
in  a  frequency  band-width. 

Figure  5  shows  the  wave  spectra  for  the  three  sea  states  tested 
at  the  lower  speed  in  head  seas.  It  Is  seen  that  the  major  portion  of 
wave  energy  lies  In  a  range  of  frequencies  from  2  to  10  rad/4ec. 

The  severity  of  the  sea  state  Is  indicated  by  the  area  under  the 
spectrum  which  is  given  by  the  value  of  R  for  each  case.  The  significant 
wave  heights  are  then  estimated  by 

h  =  2.83  /r" 

i^lch,  in  terms  of  the  chord  of  the  foil,  gives  significant  wave  heights 
of  1.65,  1,45  and  1.05  chords  respectively. 

Based  on  the  Tukey  degrees  of  freedom,  the  9(3*  confidence  limits 
on  the  computed  spectra  are  about  2%  for  the  number  of  data  points  used 
In  the  spectral  analysis  program.  In  all  cases,  in  computing  the  spectra, 
40  lags  were  used  for  the  longitudinal  motions,  and  50  lags  for  the  static 
wave  wire  analysis.  The  sanpllng  interval  was  0.10  seconds. 

Analysis  of  Data.  Application  of  the  procedure  outlined  In  ref.  14 
converts  tne  analog  records  of  the  wave  wire  and  longitudinal  motions 
Into  the  power  spectra.  However,  since  the  data  for  the  longitudinal 
motions  were  obtained  in  a  moving  reference  frame,  the  appropriate  fre¬ 
quency  is  the  encounter  frequency,  to  ,  which  is  related  to  the  wave 
frequency  by  the  following  relation*® 

<0.  -  a>(l±!i2)  (1) 

®  g 

Here  the  positive  sign  is  to  be  taken  for  head  seas,  and  the  negative 
sign  for  following  seas.  The  motion  spectra  shown  in  Figs.  8a  to  8e  are 
plotted  with  to^  as  the  frequency.  However,  the  wave  spectrum  is  obtained 
in  the  to  domain.  Independent  of  speed  of  advance.  Before  any  comparison 
between  the  spectra  can  be  drawn,  the  wave  spectrum  must  be  transformed 
Into  the  encounter  frequency  domain. 

1.  Frequency  Transformation  for  Head  Seas.  The  transformation 
from  the  stationary  frequency  to  the  encounter  frequency  domain  is 
accomplished  using  eq.  1  with  the  positive  sign  for  head  seas,  and  the 
requirement  that  the  total  energy  in  the  wave  remains  unchanged.  The 
total  energy  is  essentially  give  by  the  area  under  the  spectrum, 

CO 

R  =  ^[[r{a))3  do)  (2) 

0 
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where  r((o)^  is  the  energy  density.  Thus.  In  preserving  the  energy,  we 
must  take  oa 


hence 


dm/dcD 


where  du/du^  Is  the  Jacobian  of  the  transformation  between  the  (o  and  bu 
domains.  For  head  seas,  the  correspondence  between  these  two  frequences 
is  one-to-one,  hence  the  Jacobian  never  vanishes. 


From  eq.  li  ^  r  . 

T  “e] 

The  moving  wave  spectrum  (encounter  frequency  domain)  Is  then 
obtained  from  the  energy  spectrum  by  multiplying  the  ordinate  r(u)2  by 
the  Jacobian,  J((0e).  at  each  frequency,  and  plotting  these  at  the 
corresponding  encounter  frequency.  The  resulting  spectrum  obtained 
In  the  (Oq  domain  then  is  that  which  would  be  obtained  by  an  observer 
moving  with  the  craft  Into  the  sea.  Figure  6  Illustrates  the  wave 
spectrum  for  head  seas  after  transforming  to  the  domain. 

2.  Frequency  Transformation  for  Following  Seas.  In  this  cssd 

(6) 

so  that  the  encounter  frequency  is  parabolic  about  the  line  uV/g  •  l/2, 
and  becomes  negative  for  wV/g  >  1.  Clearly,  the  negative  frequency 
has  no  meaning,  and  is  equivalent  to  the  corresponding  positive  frequency 
with  a  direction  of  wave  travel  opposite  to  that  observed.  In  following 
seas,  it  is  possible  for  three  values  of  co  to  yield  the  same  encounter 
frequency.  Figure  7  illustrates  the  relationship  between  to^  and  u  for 
this  case,  in  transforming  from  the  u  to  the  (Og  domain,  there  are  three 
values  of  u  in  regions  1,  2  and  3  which  transform  into  a  single  value 
of  Ug.  Hence,  in  the  transformed  region  0  <  co.  <  g/4V,  the  three 
contributions  from  the  three  regions  1,  2  and  3  overlap  and  the  spectrum 
for  [r(<0e)]2  is  the  sum  of  the  three.  For  values  of  co®  >  g/4V,  the 
correspondence  is  again  one-to-one,  and  only  region  3  contributes  to 
the  encounter  frequency  spectrum.  In  obtaining  the  transformed  spectrum, 
for  (Oq  <  g/4V,  the  Jacobian,  J((0e),  is  computed  at  each  value  of  co 
corresponding  to  the  single  value  of  ci>g,  and  the  energy  computed  from 

r{a)g)2=j(cUg)-[r(a>)]^ 

as  was  the  case  for  head  seas.  The  total  energy  spectrum  then  is  the 
sum  of  the  contributions  from  regions  1,  2  and  3.  Denoting  the  con¬ 
tributions  from  the  i^^  region  by  a  subscript  i,  there  resultsi 

for  0)  <  g/4V, 


[r(cOe)]  =  ^  I  J(aig)*  [r(a))]  | 
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It  l8  noticed  that  at  a>v/g  ■  l/2,  J((i)e)  becomes  infinite,  so  that 
a  sharp  spike  arises  in  the  energv  spectrum  for  the  (Oe  domain;  this 
occurs  at  (i>j  ■  g/4V.  For  >  g/4V,  . 

[r(ajg)]^  =|j(a>g)  [r(oi)]  |  (8) 

as  only  region  3  contributes  in  this  part  of  the  u  domain. 

9 


3.  Principle  of  Linear  Superposition.  In  the  paper  of 
St.  Denis  and  Pierson,^  spectral  methods  were  applied  to  motions  of 
surface  ships  using  the  principle  of  linear  superposition.  The  method 
consists  of  constructing  the  motion  spectrum  of  the  craft  from  a 
knowledge  of  the  responses  to  individual  frequency  components.  Thus,  if 
S(me)^  is  the  energy  spectrum  for  the  longitudinal  motions. 


S(£U-)2  =  r{<a)^  •  A(a>^) 


(9) 


where  is  the  response  anpli'rude  operator  for  regular  seas.  Hence 

the  energy  density  of  the  sea  state  is  multiplied  by  the  response 
amplitude  operator  to  obtain  the  energy  density  of  the  motion  spectrum. 


For  head  seas,  vrtiere  the  correspondence  between  u  and  is  one-to- 
one,  the  method  is  straightforward.  Alternately,  the  motion  spectrum 
can  be  divided  by  the  wave  spectrum  in  the  ue  domain  to  obtain  a  response 
operator  spectrum,  vdilch  can  then  be  con^ared  to  regular  sea  results. 
Comparison  of  either  of  the  two  methods  will  then  indicate  the  validity 
of  linear  superposition. 


For  following  seas,  however,  the  methods  are  more  complex,  since 
there  is  now  a  three-to-one  correspondence  between  u  and  over  a  range 
of  the  spectrum.  In  this  case,  division  of  the  response  spectrum 
by  the  wave  spectrum  yields 


3 

|j(<0g)  [r(a))] 

L _ 

1  A(a>g)|^ 

1 

r 

\ 

|j(<be) 

1. 

(10) 


hence,  if  significant  energy  is  present  in  at  least  two  of  the  three 
overlapping  regions,  no  conparison  with  regular  sea  response  operator 
data  is  possible  in  this  manner.  The  linear  superposition  principle  can 
only  be  validated  by  constructing  the  motion  spectrum  from  the  static 
wave  spectrum  and  response  operators  obtained  from  regular  sea  results, 
and  comparing  these  to  the  actual  spectrum  from  the  irregular  sea  tests. 
To  this  end,  regular  sea  response  data:  must  be  obtained  over  a  wide 
range  of  wave  frequencies  to  give  the  response  operator  spectrum  in  each 
of  the  three  regions  in  a  following  sea.  The  motion  spectrum  is  then 
estimated  from 


[r(a))] 


A((De) 


1. 


(11) 
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and 


for  Cttg  <  g/4V, 

[s(ajg)]*'  -  j  J(a)g)  [r(tD)]  *  for  (d^>  g/4V 

(12) 

Coniparlson  of  Linear  Superposition  Theory  with  Experiment.  Using 
Figs.  8a  to  8c,  tha  energy  spectra  for  the  longitudinal  motions  in  head 
seas  at  5  fps  were  divided  by  the  corresponding  transformed  wave  spectra 
(Fig.  6a)  for  each  of  the  three  sea  states  tested.  The  result  was 
square-rooted  at  each  frequency  to  obtain  the  derived  modulus  of  the 
transfer  fimctlai,  which  is  shown  in  Fig.  9  for  both  heave  and  pitch 
motions.  The  regular  sea  data  points  are  also  shown  superimposed  on 
this  spectrum  for  comparison.  Figure  10  shows  a  similar  result  for  the 
head  sea  tests  at  the  higher  speed  of  8  fps.  The  9C|S  confidence  limits 
based  on  the  Tukey  degrees  of  freedom  are  about  and  -2^  for  the 

conf>uted  spectra;  considering  this,  the  comparison  shows  good  agreement 
between  the  derived  response  operators  and  those  obtained  experimentally 
in  regular  head  seas. 

Predictions  of  the  motion  spectra  from  the  transformed  wave  spectra 
and  regular  sea  response  data  are  also  compared  (see  Figs.  11  and  12). 

The  prediction  again  seems  to  validate  the  linear  superposition  hypo¬ 
thesis,  at  least  to  the  degree  attainable  with  power  spectral  methods. 

Figure  13  indicates  the  comparison  between  the  spectrum  obtained 
in  Irregular  following  seas  and  that  predicted  by  using  regular  sea  data 
and  the  transformation  of  the  wave  spectrum.  The  energy  content  in  the 
wave  in  region  1  was  negligible;  hence,  the  superposition  was  simplified. 
Response  operators  obtained  in  regular  seas  were  used  at  the  exact 
corresponding  frequencies  and  the  results  for  the  two  regions  of  interest 
added  together  to  construct  the  estimate  of  the  spectrun.  The  singular¬ 
ity  in  the  following  sea  spectrum  at  -  1.6  has  not  been  displayed, 
since  the  sampling  process,  in  reality,  estimates  the  integral  of  the 
spectrum  over  and  hence  the  exact  shape  of  the  spectrum  is  lost. 

The  motion  spectrum  was  predicted  using  regular  sea  data  on  either  side 
of  the  singularity,  and  the  curve  faired  through  these  points  in  the 
region  Ug  •  1.6.  The  results  for  the  predicted  heave  spectrum  exhibit 
the  same  shape  as  the  experimental  spectrum,  and  are  at  most  33^  too  low 
in  the  range  of  significant  energies.  Since  the  response  operators  used 
for  the  prediction  were  squared,  any  corresponding  error  in  experimental 
determination  of  these  quantities  are  squared;  hence,  the  difference  is 
exaggerated.  The  true  measure  of  the  deviation  is  perhaps  best  given 
by  one-half  that  shown  on  the  spectrum  graphs.  Within  the  limits  of 
confidence  of  spectral  analysis  methods,  and  considering  idiat  has  been 
done  for  surface  ships  in  following  seas,  these  results  exhibit  an  ex¬ 
cellent  comparison  between  the  experimental  spectra  and  those  predicted 
using  regular  sea  data. 
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IV.  DISCUSSION  OF  RESULTS 


Figures  11  to  13  con^are  the  computed  spectra  with  those  predicted 
using  linear  superposition  techniques,  and  Figs.  9  and  10  compare  de¬ 
rived  and  experimental  response  operators.  In  general,  these  figures 
indicate  the  validity  of  the  linear  superposition  hypothesis,  at  least 
for  the  moderate  Irregular  seas  used  in  the  experiment.  The  predicted 
spectra  generally  deviate  no  more  than  2(K  from  the  experimental  spectra 
in  the  range  of  significant  energies  for  the  head  sea  tests,  and  slightly 
more  than  this  for  the  following  sea  case.  Previous  experiments  by 
Lewis  and  Numata,^  utilizing  linear  superposition  techniques  applied  to 
surface  vessels,  yielded  correspondence  of  the  same  order  of  magnitude. 

It  appears  that  results  using  this  technique  applied  to  non -ventilated 
hydrofoil  craft  exhibit  the  same  general  agreement  between  prediction 
and  experimental  motion  spectra. 

With  the  technique  established,  it  is  then  necessary  to  know  only 
the  regular  sea  behavior  of  the  hydrofoil  craft  and  apply  the  (presumed) 
known  wave  spectrum  for  the  sea  state  to  be  considered  to  predict  the 
irregular  sea  motions.  To  this  end,  experimental  programs  for  model 
craft  can  be  carried  out  as  in-  the  present  investigation.  Alternatively, 
one  can  attempt  to  predict  the  regular  sea  motions  theoretically,  and  use 
the  theoretically  determined  response  operator  spectrum  to  predict  the 
motion  spectra.  Several  such  analytical  procedures  have  been  studied 
previously.  Weinblum®  first  presented  a  linearized  theory  for  predicting 
motion  responses  of  hydrofoil  craft  in  regular  waves.  Experiments  of 
Leehey  and  Steele^  found  discrepancies  between  Weinblum’s  analytically 
predicted  motions  and  those  observed  experimentally  and  later  Ogilvie® 
modified  Weinblum's  theory  to  include  nonlinear  and  non-steady  effects. 
Ogilvle's  theory  compared  favorably  with  the  experimental  data  of  Leehey 
and  Steele  and  appears  to  yield  the  best  results  for  prediction  of  long¬ 
itudinal  motions.  Hence,  it  is  possible  to  eliminate  preliminary  experi¬ 
mental  programs  to  determine  the  regular  sea  response  operators  by  use 
of  these  theories,  which,  in  effect,  would  form  the  "building  blocks" 
upon  which  the  Irregular  sea  motions  could  be  constructed. 

V.  CONCLUSIONS 

As  a  result  of  these  experiments,  it  is  concluded  that  linear  super¬ 
position  techniques  applied  to  irregular  sea  motions  of  non-ventilated, 
dihedral  hydrofoil  craft  are  valid.  The  maximum  speed  tested  was  8  fps, 
corresponding  to  a  Froude  number  of  about  3.5  based  on  foil  chord,  and 
the  severest  sea  tested  employed  a  significant  wave  height  of  1.65  times 
the  chord,  which  indicates  that  the  results  cover  a  practical,  significant 
range  of  hydrofoil  craft  operation. 

In  light  of  the  results  from  this  experiment,  it  is  suggested  that 
future  work  along  these  lines  should  be  extended  to  higher  speeds  and  fully- 
ventilated  and/or  cavitated  foils.  Such  an  investigation  would  involve 
the  same  techniques  as  used  herein,  and  validation  of  linear  superposition 
techniques  in  this  type  of  foil  operation  would  be  useful  for  future 
development  of  high  speed  craft  in  rough  water  operation. 
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general  response  amplitude  operator  for  longitudinal 
motions 

gravitational  constant,  ft/sec^ 
significant  wave  height 

Jacobian  of  transformation  between  wave  and  encounter 
frequencies 

represents  a  lag 

total  number  of  sampled  data  points 

area  under  spectrum 

energy  density  of  wave  spectrum 

energy  density  of  longitudinal  motion  spectrum 

sampling  interval,  seconds 

speed  of  advance,  ft/sec 

random  phase 

response  amplitude  operator  for  heave 
response  amplitude  operator  for  pitch 
circular  frequency,  rad/sec 
circular  frequency  of  encounter,  rad/sec 
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TEST  SET-UP  OF  TANDEM  HYDROFOIL  MODEL 


ENCOUNTER  FREQUENCY 


FIGURE  2.  transfer  FUNCTIONS  FOR  REGULAR  HEAD  SEA 
EXPERIMENTS  AT  V*  5  FEET/SECOND 


ENCOUNTER  FREQUENCY,  w. 


FIGURE  3.  TRANSFER  FUNCTIONS  FOR  REGULAR  HEAD 
SEA  EXPERIMENTS  AT  V«8  FEET/SECOND. 
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(FIGURE  9B) 


WAVE  SPECTRA  AFTER  TRANSFORMATION  TO  ENCOUNTER 
FREQUENCY  DOMAIN.  HEAD  SEAS,  V  *- 5  FEET/SECOND 


W,  (RAD/SEC) 


(FIGURE  90 


FIGURE  6. 

(CONCLUDED) 


WAVE  SPECTRA  AFTER  TRANSFORMATION  TO  ENCOUNTER  FREQUENCY 
DOMAIN.  HEAD  SEAS,  V  *  5  FEET/SECOND 


FIGURE  7.  RELATIONSHIP  BETWEEN  u;  AND  W.  FOR  FOLLOWING  SEAS 


FIGURE  8a.  LONGITUDINAL  MOTIONS  SPECTRA  FOR  RUNS  0481* 
0486.  IRREGULAR  HEAD  SEAS ,  V  =  5  FEET/SECONO 
R  =0.339,  SEA  STATE  "A" 


FIGURE  8 d,  LONGITUDINAL  MOTIONS  SPECTRA  RUNS  0560- 

0564.  IRREGULAR  HEAD  SEAS  ,V  >  8  FEET/SECOND 
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FIGURE  8e.  LONGITUDINAL  MOTIONS  SPECTRA  RUNS  0502* 

0505.  IRREGULAR  FOLLOWING  SEA.V*5FEET/SEC0N0 

R  »0.I28 
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FIGURE  9.  COMPARISON  OF  DERIVED  RESPONSE  OPERATORS  FOR 
TESTS  AT  V«5  FEET/SECONO  IN  HEAD  SEAS  WITH 
REGULAR  SEA  RESULTS. 
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FIGURE  10.  COMPARISON  OF  DERIVED  RESPONSE  OPERATORS  FOR  HEAD 
SEAS  AT  V*eFEET/SECOND  WITH  REGULA  SEA  DATA 
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FIGURE  1 1 0.  COMPARISON  OF  EXPERIMENTAL  SPECTRA 
WITH  PREDICTED  SPECTRA  USING  REGULAR 
SEA  DATA,  (o)  V«5  FEET  /  SECOND,  HEAD 
SEAS,  SEA  STATE  V.  R  •O.ZZB. 
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FIGURE  Mb.  V»  5  FEET /SECOND,  HEAD  SEAS,  SEA 
STATE  "a" 
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FIGURE  lid.  V>5  FEET /SECOND,  HEAD  SEAS.  SEA 
STATE  "B;* 


[I 

n 


PITCH  SPECTRUM 


EXPERIMENT 


FIGURE  I  If.  V«  5  FEET  /  SECOND  HEAD  SEAS,  SEA 
STATE  "C? 


FIGURE  12a.  COMPARISON  OF  EXPERIMENTAL  SPECTRA 
WITH  PREDICTION  USING  REGULAR  SEA 
DATA,  V»8  FEET/ SECOND,  HEAD  SEAS. 

(a)  PITCH  SPECTRUM. 


SOME  EXPERIMENTS  ON  THE 
LONGITUDINAL  SEAKEEPINQ  CHARACTERISTICS  OP 
A  GROUND  EFFECT  MACHINE 


by  S.  C.  Y.  Chen  and  T.  Kowalski 
Davidson  Laboratory 


I.  INTRODUCTION 


The  experiments  described  In  this  paper  were  performed  on 
a  model  of  one  of  the  BuShlps  "Hydroskimmer”  Ground  Effect 
Machines.  The  tests  were  of  a  developmental  nature  with  the 
main  effort  directed  toward  obtaining  longitudinal  seakeeping 
characteristics  In  a  State  3  sea.  The  characteristics  mea¬ 
sured  were  pitch,  heave,  accelerations  at  the  bow  and  CG 
resulting  from  oscillatory  response  of  the  model  to  waves,  as 
well  as  from  direct  wave  Impacts.  The  effect  of  Introducing 
springs  of  varying  stiffness  In  the  pitch  system  of  the  model 
was  studied.  The  springs  simulated  automatic  restoring  moments 
proportional  to  pitch  amplitudes. 

A  second  objective  of  the  program  was  to  study  the  appli¬ 
cability  of  superposition  theory  and  spectral  analysis  tech¬ 
niques  In  the  Investigation  of  GEM  motions.  For  this  purpose, 
regular  wave  tests  were  performed  and  results  compared  with 
the  results  of  spectral  analysis  of  selected  Irregular  wave 
runs. 


II.  MODEL  AND  INSTRUMENTATION 

A  1/15  scale  model  was  used  In  the  experiments  (Fig.  l) . 
The  design  of  this  annular  Jet  craft  had  a  unique  double 
tunnel  base  and  a  flared  motor  torpedo  boat  type  bow.  The 
side  Jets  were  of  uniform  thickness  and  parallel  to  the  water 
surface.  The  end  Jets  were  of  variable  thickness,  proportional 
to  the  height  of  the  tunnel  above  the  water  surface.  This 
design  possesses  a  number  of  apparent  advantages,  viz: 
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a)  Economy  of  lift  power  since  side  Jets  operate 
very  close  to  the  water  surface. 

b)  Structural  strength  of  an  arched  construction. 

c)  Roll  stability  when  cushion  borne,  since  the 
center  rib  acts  as  a  partition  of  the  air  cushion 
in  preventing  cross-flow. 

The  full-scale  characteristics  of  the  craft  were  as  follows: 


Length  overall  65  ft 

Beam  overall  22  ft 

Height  of  craft 
Length  of  nozzles 
Side  nozzles 
End  nozzles 

Jet  angle  with  vertical 
Weight 

Maximum  speed 
Normal  operating  clearance: 

6”  at  the  side  Jets  over  solid  ground 


12  ft 
48  ft 

10  ft  each 
60*  inward 
45,000  lbs 
70  knots 


Figure  2  is  a  sketch  of  the  genral  arrrangement  of  model, 
air  system,  and  test  apparatus.  Due  to  weight  limitations  of 
the  model,  an  external  air  supply  system  was  adopted  causing 
complications  with  weight  ballasting  and  moment  of  inertia 
adjustments.  The  air  was  supplied  by  an  electric  driven  air¬ 
craft-type  blower  supported  by  the  main  towing  carriage  and 
piped  into  the  model  by  a  ducting  system.  The  sections  of 
the  ducts  were  connected  by  light  weight  ball  bearings  with 
labyrinth  seals  to  allow  freedom  of  pitch,  heave  and  surge 
motions.  The  ducting  was  statically  counter-balanced  to 
eliminate  vertical  and  horizontal  thrusts  on  the  model.  The 
overall  effect  of  the  ducting  system  was  treated  as  an  equi¬ 
valent  mass  at  the  CO  coupled  with  a  moment  of  inertia  about 
the  CO.  The  model  was  towed  on  a  servo  motions  apparatus 
which  allowed  freedom  in  heave,  pitch  and  surge.  At  speeds 
in  excess  of  30  knots  (full  size),  the  surge  was  locked  out. 
Servo  apparatus  permitted  the  drag  of  the  model  to  be  measured 
in  calm  water  and  in  waves. 


The  test  data  were  recorded  on  a  light  sensitive  paper 
tape.  Part  of  the  Irregular  wave  data  were  simultaneously 
recorded  on  magnetic  tape  for  subsequent  transcription  onto 
IBM  cards  and  analysis  by  the  IBM  1620  Computer. 
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Ill 


TEST  PROaRAM 


A.  Static  and  Calibration  Teste.  The  effective  mass 
and  moment  of  Inertia  of  the  fully  Instrumented  model  and  the 
ducting  without  air  flow  were  evaluated  by  free  oscillation 
tests  with  calibrated  springs.  The  natural  frequencies  of  the 
model  In  heave  and  pitch  when  hovering  over  ground  board  or 
water  could  not  be  measured  because  of  the  small  clearance 
height  and  the  Insufficient  pitch  stability.  At  that  clear¬ 
ance,  one  end  tended  to  touch  the  ground  or  water  surface  under 
the  slightest  disturbance. 

The  air  tare  resistance  of  the  model,  apparatus  and  air 
ducting  was  measured  by  running  the  model  cushlon-bome  over 
a  ground  board  moving  down  the  tank  with  the  model.  In  this 
and  all  subsequent  tests.  Initial  clearance  heights  were 
obtained  by  adjusting  the  fan  power  Input  with  the  model 
hovering  over  a  ground  board.  After  the  board  was  removed, 
the  model  settled  at  an  equilibrium  height  over  the  water  and 
this  position  was  used  as  a  datum  for  heave  measurements. 

Since  momentum  drag  was  not  measured  by  this  system,  the  calm 
water  drag  as  measured  by  the  towing  force  at  a  constant  speed 
minus  air  tare  represents  the  wave-making  spray  reslsteuice  of 
the  model  at  that  speed. 

B,  Regular  Wave  Tests.  Regular  wave  tests  were  carried 
out  with  one  pitch  restoring  spring  of  spring  rate  2.87  In 
Ibs/deg  (12100  ft-lbs/deg  full  size)  and  also  without  spring. 
Initial  clearance  height  settings  were  0.5”  and  l.O”.  The 
speed  range  was  0-13  fps  (30  knots)  with  surge  and  to  20  fps 
(46  knots)  without  surge.  The  regular  waves  had  the  following 
sizes: 


WAVE  LENOTH 

MODEL 

SCALE 

PULL 

SIZE 

Vehicle  Length 

Wave 

Length 

Ins. 

Wave 

Height 

Ins. 

Wave 

Length 

Ft 

Wave 

Height 

Ft 

1.5 

60 

2 

75 

2.50 

2.0 

80 

3 

100 

3.75 

2.0 

80 

4 

100 

5.00 

4.0 

160 

4 

200 

5.00 

4.0 

160 

5 

200 

6.25 
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Shorter  waves  theui  1.5L  were  not  used  because  the  wave 
making  machine  was  unable  to  generate  high  enough  waves  of 
short  lengths  to  produce  large  motions. 


C.  Irregular  Wave  Tests 

The  following  parametric  variations  were  used: 


Sea  State 
Clearance  Height 

Pitch  Springs 


Speeds 

Sea  State 
Clearance  Height 


3 


0.4”  (6”  full  size)  0.5"  (7-l/2" 
full  size)  and  l.O”  (l5"  full 
size) 

4  springs  from  2.87  In-lbs/deg 
to  12.20  In-lbs/deg  (12100 
ft-lbs/deg  to  51500  ft-lbs/deg 
full  size)  and  also  no  spring 

O-13  fps  (30  knots  full  size) 
with  surge  13-20  fps  (46  knots 
full  size)  no  surge 

2 

0.4"  (6"  full  size) 


Pitch  Spring  Not  used 

Speeds  Same  as  for  State  3  sea 


IV.  RESULTS  AND  DISCUSSION 


A.  Resistance.  All  resistance  data  are  given  for  the 
full-size  craft . 

1.  Regular  wave  drag,  presented  on  Pigs.  3  and  4 
to  the  base  of  the  frequencies  of  encounter.  Indicate  the 
following  trends; 

a)  Longer  waves  produce  higher  drag  than  shorter 
waves  of  the  same  height. 

b)  The  drag  curves  have  steep  slopes  at  low  frequencies 
but  flatten  out  at  higher  frequencies.  This  reflects 
the  effect  of  reduced  heave  and  pitch  at  super¬ 
critical  speeds  and  is  a  favorable  aspect  of  OEM’s 
which  normally  cruise  above  resonance  speeds. 
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c)  Generally  lower  drag  values  In  waves  cem  be 
obtained  by  Increasing  the  clearance  height. 

2.  Irregular  Wave  Drag.  The  rough  water  resistance 
(Figs.  5  and  6)  Is  presented  as  a  band  covering  the  scatter 
of  points  obtained  In  tests  using  different  pitch  springs  and 
with  the  model  flying  over  different  portions  of  the  wave 
program.  The  calm  water  drag  Is  also  shown  for  comparison. 

The  curves  display  the  general  trend  of  a  drag  curve  for 
a  displacement  ship  within  the  speed  range  tested.  It  Is 
believed  that  at  higher  speeds  a  decrease  of  drag  dependence 
on  the  speed  would  be  obtained  similar  to  the  trend  found 
with  regular  waves. 

B.  Heave  and  Pitch.  All  heave  and  pitch  data  are 
presented  In  model  scale. 

1.  Irregular  Waves.  Figures  7*  8,  9»  and  10  are 
representative  plots  giving  the  average  model  response  ampli¬ 
tudes  In  heave  and  pitch  to  Irregular  waves  approximating  a 
State  3  sea.  Ground  clearance  and  pitch  spring  stiffness  are 
the  parameters. 

Figure  11  presents  the  average  model  heave  and  pitch 
responses  to  a  scaled  State  2  sea,  with  the  corresponding  model 
responses  to  State  3  sea  shown  In  dotted  lines.  It  Is  seen 
that  the  average  response  amplitudes  Increase  with  the  sea 
state,  the  ratio  of  Increase  roughly  In  the  order  of  magnitude 
of  the  average  wave  heights  of  the  two  sea  states.  No  con¬ 
sistent  dependence  of  the  model  response  on  spring  rates  and 
small  variations  of  Initial  ground  clearance  heights  could 
be  detected. 

2.  Regular  Waves.  The  regular  wave  heave  and  pitch 
responses  of  the  model  are  given  In  Figures  12,  13,  l4,  and 
15.  These  plots  all  exhibit  pronounced  magnification  charac¬ 
teristics.  In  the  absence  of  reliable  measurements  of  the 
natural  frequencies  of  the  model  In  heave  euid  pitch  over  water, 
only  the  following  qualitative  observations  can  be  made: 

a)  The  location  of  the  peaks  shifts  to  the  left 

( lower  cug)  as  the  wave  length  Increases.  This 
Indicates  the  effect  of  added  mass  of  water, 
which  varies  with  the  size  of  the  wave,  on 
natural  frequency  and  damping. 

b)  Pitch  decreases  and  heave  Increases  with  Increas¬ 
ing  wave  length. 
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c)  No  significant  and  consistent  dependence  on 
spring  stiffness  and  Initial  ground  clearance 
of  pitch  and  heave  responses  Is  apparent. 

C.  Acceleration.  Some  typical  curves  of  vertical  up 
and  down  acceleration  in  regular  and  Irregular  seas,  as 
measured  by  the  accelerometers  located  at  the  bow  and  the  CO, 
are  presented  in  Pigs.  l6,  17,  and  I8,  On  the  Irregular  wave 
acceleration  plots  (Pig.  I8),  the  average  of  about  1/3  highest 
readings  are  shown  by  solid  lines  and  maximum  Impact  accele¬ 
rations  by  dotted  lines, 

Plgure  19  presents  a  comparison  of  Irregular  wave  accel¬ 
erations  obtained  with  and  without  the  pitch  spring.  A  reduc¬ 
tion  of  the  upward  bow  Impact  accelerations  seems  to  be  pos¬ 
sible  with  a  suitable  pitch  restoring  control.  However,  In 
view  of  the  smallness  of  the  samples  taken,  this  result  Is 
far  from  being  conclusive.  The  reduction  of  upward  bow  accel¬ 
erations  by  decreasing  the  severity  of  waves  Is,  however, 
quite  apparent  from  Plgure  20  which  shows  bow  accelerations 
In  State  3  and  State  2  seas. 

The  most  striking  feature  of  the  acceleration  data  Is 
the  severity  of  upward  bow  Impact  In  both  regular  and  random 
seas,  even  at  the  relatively  low  speeds  tested.  If  the  clear¬ 
ance  heights  of  the  curved  end  Jets  are  averaged.  It  Is  seen 
that  the  wave  height/clearance  height  ratios  obtained  for 
these  tests  are  by  no  means  excessive  In  OEM  design  practice. 
The  actual  clearance  at  the  side  Jets,  however.  Is  only  a 
small  fraction  of  the  average  clearance  and  the  wave  height/ 
clearance  ratios  based  on  side  Jet  heights  are  much  higher. 
This  pinpoints  the  reason  for  the  lOg  Impact  accelerations. 
Prom  this  point  of  view,  the  configuration  under  study  Is 
unfavorable  In  that  It  has  too  much  solid  structure  protrud¬ 
ing  close  to  the  water  surface.  Possible  direction  of  Improve 
ment  would  therefore  be  (l)  the  use  of  a  flat  bottom  configu¬ 
ration,  and  (2)  the  use  of  flexible  curtains  on  both  sides  of 
the  Jets.  Both  of  these  measures  will  allow  a  greater  clear¬ 
ance  under  the  solid  bottom  of  the  craft. 


D,  Spectral  Analysis.  Linear  superposition  theory  and 
spectral  auialysls  techniques  have  been  shown  to  give  good 
correlation  between  predicted  and  measured  motions  In  the  case 
of  displacement  ships  In  Irregular  head  seas.  In  the  case  of 
air  cushion  vehicles,  there  Is  no  direct  displacement  of 
water  by  the  craft,  however,  and  the  motions  are  produced  by 
the  waves  either  via  the  air  cushion  or  by  direct  Impact.  On 
the  one  hand,  the  air  cushion  acts  like  a  filter  producing 
attenuated  and  phased  motions.  On  the  other  hand,  direct 
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wave  Impacts  produce  more  abrupt  and  discontinuous  motions 
when  compared  to  displacement  ships.  There  was  no  prlma 
facie  reason  to  believe  that  this  useful  technique  could  be 
extended  to  air  cushion  vehicles.  An  experimental  verifica¬ 
tion  of  the  applicability  of  the  superposition  theory  utiliz¬ 
ing  the  available  test  data  was  therefore  considered  desirable. 

Figures  21  and  22  are  typical  transfer  function  moduli 
obtained  as  a  result  of  spectral  analysis  of  the  Irregular 
wave  experiments.  The  response  amplitudes  used  are  In  model 
scale. 


On  the  graphs  of  the  transfer  functions,  data  points 
from  regular  waves  tests  are  shown  In  square  boxed  points. 

It  was  found  that  the  correlation  between  the  predicted 
motions  (represented  by  the  transfer  function  curves)  and 
the  observed  motions  In  regular  waves  are  reasonably  good 
within  the  small  range  of  speeds  tested  (O-IO  fps) .  The  few 
large  discrepancies  found  (of  the  order  of  20  percent  or 
more)  could  be  attributed  to  the  following  factors: 

a)  Instabilities  of  the  regular  waves  generated, 
making  It  difficult  to  obtain  a  representative 
wave  height  and  frequency,  also  producing  a 
scatter  In  the  model  response, 

b)  large  statistical  scatter  of  the  Irregular  wave 
data  due  to  Insufficient  sample  size,  and 

c)  Intrinsic  non-llnearlty  of  the  system. 


V.  CONCLUSIONS 

The  following  conclusions  are  made  on  the  longitudinal 
seakeeping  behavior. 

1.  No  significant  and  consistent  Improvement  In  drag, 
pitch  and  heave  motions,  and  accelerations  are  found  by  the 
use  of  pitch  restoring  moments  simulated  on  the  model  by 
springs. 

2.  An  apparent  Improvement  In  the  magnitude  of  all  the 
motions  measured  Is  observed  when  the  Irregular  waves  are 
lowered  from  those  approximating  State  3  sea  to  those  approxi¬ 
mating  State  2  sea. 

3.  Pitch  and  heave  responses  In  regular  and  random  seas 
bear  striking  resemblance  to  displacement  ships.  Pitch 
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resonance  occurs  In  a  low  speed  region.  At  higher  speeds  at 
which  OEMs  are  designed  to  cruise,  pitch  tends  to  flatten  out 
and  fall  within  acceptable  magnitudes.  This  tendency  Is  not 
observed  In  the  case  of  heave  motions.  In  comparison.  In 
tests  performed  recently  at  Davidson  Laboratory  on  two  ship 
models,  supercritical  operation  was  attained  for  pitch  motions 
but  not  for  heave  motions. 

4.  The  vertical  accelerations  at  the  bow,  caused  by  direct 
wave  Impacts  of  short  duration.  Is  quite  unfavorable  for  this 
base  configuration.  Prom  visual  observations  of  the  test 

runs  as  well  as  from  the  magnitudes  of  accelerations  due  to 
bow  Impacts,  the  motions  of  this  craft  resemble  that  of  a 
planing  boat  rather  than  a  true  air  cushion  vehicle  flying 
above  the  water. 

Bow  accelerations  of  the  order  of  7g  have  been  reported 
for  a  V-bottom  boat  at  45  knots  In  heavy  seas.  Model  tests 
of  a  planing  boat  conducted  In  the  Davidson  Laboratory  has 
also  yielded  similar  accelerations  at  similar  speeds  and  sea 
state  as  the  present  hydroskimmer  tests. 

5.  The  spray  characteristics  of  this  vehicle  appear 
quite  favorable  In  model  scale.  The  extended  flared  bow 
formed  an  effective  spray  deflector.  In  full  size,  the  spray 
Is  expected  to  be  higher  since  It  Is  not  a  quantity  which 
obeys  Proude  scaling  used  for  constructing  the  model. 

The  following  conclusions  are  made  on  the  verification 
of  the  superposition  theory. 

The  limited  work  done  In  verifying  the  applicability  of 
linear  superposition  theory  euid  spectral  analysis  techniques 
to  air  cushion  vehicles  has  yielded  some  positive  results. 
Purther  study  Is  however  required  In  this  direction.  The 
Investigation  should  be  extended  to  Include  accelerations  and 
phases  of  motions  and  cover  higher  speeds .  If  reasonably 
afflnnatlve  results  are  obtained,  one  would  have  an  effective 
technique  for  the  experimental  study  of  air ’cushion  vehicles. 
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FIGURE  I.  MODEL  DRAWING  OF  BUSHIPS  HYDROSKIMMER 


FRCOUENCY  OF  ENCOUNTER,  (U,,  RADIANS/SECONO 


FIGURE  3.  DRAG  VERSUS  FREQUENCY  OF  ENCOUNTER  (REGULAR 
WAVES)  hg  « 15" 


FREQUENCY  OF  ENCOUNTER.  W,.  RAOIANS/SECOND 

FIGURE  4.  DRAG  VERSUS  FREQUENCY  OF  ENCOUNTER  (REGULAR 
WAVES)  hg  =  7-1/2" 
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FIGURE  II.  PITCH  AND  HEAVE  RESPONSES 


M«,  RA0UN8/8EC0N0 


01, ,  RAOUNS/8eCONO 


FIGURE  12.  PITCH  AND  HEAVE  RESPONSES  IN  REGULAR  WAVES,  h,  •  0.50*,  NO 
PITCH  SPRING 


FIGURE  13.  PITCH  AND  HEAVE  RESPONSES  IN  REGULAR  WAVES,  h,  •  1.00",  NO 
PITCH  SPRING 
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FIGURE  14.  PITCH  AND  HEAVE  RESPONSES  IN  REGULAR  WAVES,  h,»0.50*, 
SPRING  RATE  2.87  IN-POUNDS/DEGREE 


FIGURE  15.  PITCH  AND  HEAVE  RESPONSES  IN  REGULAR  WAVES,  h,  •  1.00*, 
SPRING  RATE  2.07  IN-POUNDS/DEGREE 
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I .  INTRODUCTION 


An  Investigation  of  the  steering  characteristics  of  a 
high-speed  cargo  ship  was  performed  as  part  of  a  broad  study 
to  Improve  merchant  ship  steering  and  maneuvering  qualities. 

The  Series  60  was  selected  as  a  typical  cargo  ship  model 
for  this  research.  At  David  Taylor  Model  Basin,  Davidson 
Laboratory  and  other  model  basins,  this  hull  form  was  tested 
to  determine  such  characteristics  as  resistance,  propulsion, 
and  motions  In  various  seas.  Including  oblique  headings. 

These  accumulated  data  would  be  quite  useful  for  further 
tests  of  the  model  for  research  into  the  controllability  of 
ships  at  sea. 

The  experiments  consisted  of  rotating  arm  tests  and  free- 
turning  tests  of  a  five-foot  model  in  Tank  No.  2  of  Davidson 
Laboratory. 

An  analysis,  based  on  derivatives  of  hydrodynamic  forces 
and  moments  acting  on  the  model,  was  made  to  examine  the 
steering  characteristics  of  the  ship  in  calm  water.  The  pre¬ 
dicted  motions  based  on  the  rotating  arm  test  results  were 
compared  with  the  free-turning  test  results  to  check  the 
feasibility  of  using  the  linear  equations  of  motion  for  fur¬ 
ther  predictions  of  steering  qualities.  The  comparisons  In¬ 
dicate  that  the  linear  calculation  would  be  quite  useful  in 
predicting  lateral  motions  provided  the  rudder  angle  Is  not 
large.  Based  on  these  observations,  techniques  of  frequency 
response  and  harmonic  analysis  were  employed  In  the  calculation 
of  yaw  response.  Zig-zag  maneuvers  are  predicted  through 
applying  these  techniques  and  using  the  force  and  moment  de¬ 
rivatives  obtained  in  the  rotating  arm  tests.  Ship  speed 
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reduction  due  to  yaw  and  sway  Is  also  predicted  from  rotating 
arm  test  results  and  compared  with  free-turning  test  results. 

This  study  was  sponsored  by  the  Maritime  Administration, 
Department  of  Commerce,  Contract  No.  MA  2701,  T/o  1. 


II .  TEST  PROCEDURE 


A.  Characteristics  of  the  Model 


TABLE  I. 

PRINCIPAL  CHARACTERISTICS  OP  THE  SERIES  60  MODEL 


Length  BP,  L 

5.00  ft 

Breadth,  B 

0.667  ft 

Draft,  H 

0.267  ft 

l/b 

7.5 

b/h 

2.5 

l/h 

18.8 

Block  Coefficient,  C^ 

0.60 

Displacement  (PW),  A 

33.27  lbs 

LxH 

1.335  ft® 

Lateral  Area  of  Hull 

1.320  ft® 

Lateral  Area  of  Rudder 

0.0210  ft® 

Aspect  Ratio  of  Rudder 

1.91 

Mass  of  Model,  M 

1.03  slugs 

CO  aft  of  PP/L 

0.515 

Rudder  Post  aft  of  CG/L 

0.485 

Radius  of  Gyration  In  Air, 
kL 

0.255L 

The  size  and  shape  of  the  rudder  were  chosen  to  repre¬ 
sent  a  typical  design  for  a  cargo  ship.  Rudder  area  expressed 
as  a  ratio  to  profile  area  Is  1.6^,  and  has  an  aspect  ratio 
of  1.91.  The  maximum  thickness  ratio  of  the  rudder  Is  l6.7J^ 
of  the  chord  length,  and  It  occurs  at  35}^  of  the  chord  aft  of 
the  leading  edge.^ 

The  diameter  of  the  propeller  Is  O.187  ft  and  the  pitch 
ratio  Is  0.945. 
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B.  Rotating  Arm  Tests.  The  model  was  constrained  In  a 
given  yaw  attitude  at  radii  between  12  and  32  ft  under  the 
rotating  arm  in  Tank  No.  2  of  Davidson  Laboratory  (see  ref.  2 
for  description  of  the  test  facilities) .  A  flexure  plate, 
permitting  freedom  in  pitch  and  heave,  was  used  to  fix  the 
model  to  a  "balance  beam"  under  the  arm.  The  balance  beam  is 
a  three- component  dynamometer  of  the  differential  transformer 
type,  which  measures  lateral  forces  at  two  points  along 
length  of  the  model,  and  the  drag  force.  Outputs  of  the  dy¬ 
namometer  were  recorded  on  an  oscillograph  recorder  located 
ashore.  A  two-component  rudder  dynamometer,  also  of  the 
differential  transformer  type,  was  newly  built  and  used  for 
these  tests. 

During  tests  of  the  model  with  propeller,  the  propeller 
revolutions  were  adjusted  to  obtain  a  zero  drag  condition  at 
a  predetermined  model  speed.  Figure  1  shows  the  model  being 
tested  under  the  rotating  arm. 

C.  Free-Tuml^  Tests.  The  model  was  propelled  by  a 
DC  motor  and  was  battery  powered.  A  steering  engine  was  pro¬ 
grammed  to  lay  the  rudder  to  a  predetermined  angle  after  a 
certain  number  of  propeller  revolutions. 

Test  runs  were  made  in  semi-darkness,  with  the  position 
of  the  model  recorded  by  a  camera  fixed  to  a  catwalk  above 
the  maneuvering  area.  The  camera  shutter  was  alternately 
opened  and  closed  at  half  second  Intervals,  providing  a 
measure  of  time  on  the  film.  Miniature  lights  were  fixed  at 
the  model's  forward  and  after  perpendiculars.  A  third  light, 
located  off  the  model's  centerline,  was  extinguished  to  in¬ 
dicate  the  position  of  the  model  at  the  time  when  the  rudder 
was  laid. 

Model  path,  speed,  and  drift  euigle  were  obtained  by 
direct  measurements  of  the  light  traces  on  the  14x11  in. 
photographic  plate. 


Eda  and  Crane 
-3- 


SERIES  60  (C^  =  0.60)  MODEL  BEING  TESTED  ON  ROTATING  ARM 


FIGURE  1. 
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III.  EXPERIMENTAL  RESULTS 


A  total  of  approximately  250  runs  In  the  rotating  arm 
tests  and  about  60  runs  In  the  free -turning  tests  were  carried 
outj  with  various  parameters  changed.  However,  results  de¬ 
scribed  here  will  be  limited  to  the  most  stamdard  condition, 
l.e.,  the  full  load  (even  keel)  condition,  with  propeller  and 
rudder,  at  a  speed  of  2.5  ft/sec  (Proude  No.  *  0.20) . 

Forces  acting  on  the  model  were  obtained  by  a  three- 
component  dynamometer  at  the  rotating  arm  basin.  Data  were 
then  corrected  for  Inertia  forces  due  to  rotation. 


Hydrodynamic  force  coefficients  were  derived  from  test 
data  using  the  formulae  In  refs.  3  and  4  (see  also  Pig.  2). 


Y»  = 


N«  = 


m 


+  ^  COB  p 


l/2pLHV®  1/2  pLH 
N_ 


m 


l/2pL®HV2 


where  X_,  Y.  N  =  measured  forces  (longitudinal  and  lateral) 
m  m  m 

and  yawing  moment,  respectively. 


fi  =  drift  angle 
M  =  mass  of  the  ship 
p  =  density  of  water 
L  =  length  of  the  ship 
H  =  draft  of  the  ship 
V  =  speed  of  the  ship 

ki=  longitudinal  coefficient  of  accession  of 
Inertia 

R  =  radius  of  turning  path 


Forces  and  moments  on  a  hull  proceeding  on  straight  path, 
but  having  drift  angle,  were  obtained  by  Interpolation  of  the 
rotating  arm  test  data. 


Experimental  results  from  rotating  arm  tests  are  pre¬ 
sented  In  Figs.  2  through  7. 
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FIGURE  2.  ORIENTATION  OF  MOMENTS  AND  FORCES  IN  THE  HORIZONTAL 
PLANE  WITH  RESPECT  TO  FIXED  BODY  AXES 


FIGURE  3.  Y*  VERSUS  0  (WITH  PROPELLER  AND  RUDDER) 
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FIGURE  5.  MOMENT  COEFFICIENT  VERSUS  RUDDER 
ANGLE 


Eda  Sind  Crane 


PROPELLER  RPM 


FIGURE  6  VARIATION  OF  PROPELLER  RPM  VERSUS 
RUDDER  ANGLE 
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IV.  EVALUATION  OP  STABILITY  INDEX  AND  TURNING  ABILITY 


A.  Equations  of  Lateral  Motion.  The  linear  equations 
of  lateral  motion  (Plg.  2  and  ref.  5)  can  be  written  as: 


-niy^  +  (sway) 

-  nj/  =  N,6  (yaw) 


where  V'  =  yaw  angle  ^  =  drift  angle 


f  =  dV'/ds 


^  ^  ,  8  =  space  time 


M  +  M 

nu  - - ^  M  =  added  mass  In  longitudinal 

*  l/2pL®H  ,  *  direction 


l/2()L“H  , 


=  added  mass  In  lateral  direction 


I_  =  moment  Inertia  of  the  ship  about 
n  =a  —  Z  „ 

^  l/2pL‘*H  ,  z-axls 

J  =  added  moment  of  Inertia  of  the  ship 
about  z-axls 

SY’ 

Yfl  =  static  derivative  of  lateral  force  = 

P  5/3 

5y’ 

Y^  =  rotary  derivative  of  lateral  force  = 

5N' 

Nq  =  static  derivative  of  moment  =  — 
p  5/3 

5n  ' 

Np  =  rotary  derivative  of  moment  = 

5Y' 

Yg  =  rudder  force  derivative  =  ,  6  =  rudder  angle 

5N' 

N,  =  rudder  moment  derivative  =  -- 

o 


Added  mass  In  the  lateral  direction  and  added  moment  of 
Inertia  about  the  z-axls  In  the  equations  of  motion  were  de¬ 
termined  by  a  strip  theory  following  the  computations  of 
Lewis  and  Prohaska.  The  results  were  then  corrected  for 
three-dimensional  effect. 
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where  ==  lateral  coefficient  of  accession  to  Inertia 

C  (x)  =  two  dimensional  lateral  added  mass  coefficient 
(sectional  Inertia  coefficient) .  This  was  de¬ 
termined  for  shlp-like  sections  by  Lewis’ 
method . ® 

Ag(x)  =  sectional  area 

X  ,  X.  =  X- coordinate  of  stern  and  bow,  respectively, 

®  °  from  CG 

k  =  three  dimensional  correction  factor.  This 
was  determined  from  the  three-dimensional 
correction  for  the  prolated  spheroid  by  com¬ 
paring  the  added  mass  obtained  from  the  exact 
calculation  and  the  strip  method. 

This  procedure  leads  to  larger  values  of  added  Inertia 
coefficient  than  Is  determined  by  analogy  with  the  prolated 
spheroid.  The  larger  values  appear  quite  reasonable  for  the 
ship  form  In  view  of  the  following:  l)  nearly  constant  draft 
In  the  longitudinal  direction;  2)  ratio  of  breadth  to  depth 
at  both  bow  and  stern  much  less  than  that  at  amidships. 

The  virtual  mass  coefficient  in  the  longitudinal  direc¬ 
tion  was  considered  equivalent  to  that  of  the  prolate  spheroid, 
which  Is  given  by  Lamb  as  a  function  of  the  ratio  of  minor  to 
major  axes. 

The  Inertia  coefficients  determined  for  the  Series  60 
model  are  as  follows: 

m^  =  0.160 

m  =  0.326 

O’ 

n,  =  0.0215 

z 

The  values  of  the  force  and  moment  derivatives  obtained 
from  rotating  arm  test  results  for  the  full  load  condition 
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(even  keel)  with  rudder  and  propeller  are  as  follows: 

Y-  .  .  0.290 

.  01 . 0.100 

Y*  »  =  0.046 

0  66 

Using  these  derivatives  the  dynamic  stability  on  course 
and  the  turning  ability  of  the  Series  60  (C^  =  O.oO)  can  be 
determined . 


B.  Dynamic  Stability.  Eliminating  /5  from  eqs.  1  and  2, 

+  (Yptlj,  -  Nj,llly)^  +  (-m  Np  -  Nj.Yp)iE 

=  myNjS  +  (YpNj  -  NpYjjS  (3) 

If  we  take  6=o  In  discussing  the  dynamic  stability  of  a 
ship,  eq.  3  becomes  the  homogeneous  differential  equation. 
The  solution  for  this  homogeneous  differential  equation  Is: 

.  a  (Tj^S  ,  O^B 

it  =  i/^e  ,+  fze  ( 4) 

«  • 

where  constants. 

VIhen  CjL,  Oz  <0,  the  ship  Is  dynamically  stable,  ^  can  be 
obtained  as  follows:  * 

-  Vr)  ^ 

(5) 

For  the  Series  60  (C^  =  0.60)  model,  and  were 
evaluated  from  rotating  arm  test  data  as  follows: 


=  -.447,  -3.88 
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C.  Turning  Rate-.  The  turning  rate  in  steady  turning 
for  a  certain  i^nltude  of  rudder  angle  can  be  obtained  from 
eq.  3»  with  ip'  =  f  =  6  =  o 


V/3  -  V3  (6) 


Substituting  the  values  of  derivatives  experimentally  ob¬ 
tained}  we  get 

i//6  =  -0.90 


Data  are  available  for  comparing  turning  and  course 
keeping  qualities. rkn  example  Is  shown  In  Pig.  8. 

The  above  values  of  and  ^  lead  to  the  conclusion  that  the 

series  60  (C^  =  O.60),  with  a  rudder  of  typical  size  (relative 

rudder  area  ratio  to  the  underwater  profile  =»  1.625^),  pos¬ 
sesses  sufficient  dynamic  stability}  but  somewhat  less  than 
average  turning  ability. 

D.  Comparison  of  Rotating  Arm  and  Free-Turning  Tests. 

The  relationship  existing  between  turning  rate  and  rudder 
angle  was  evaluated  from  rotating  arm  test  data  and  compared 
with  data  of  the  free-running  model  tests.  The  straight 
dashed  line  In  Pig.  9  shows  the  linear  prediction  based  on 
rotating  arm  test  data  (eq.  6).  Good  agreement  Is  seen  to 
exist  for  rudder  angles  less  than  10  degrees.  It  Is  also 
apparent  that  a  nonlinear  term  should  be  taken  Into  account 
when  the  rudder  angle  Is  greater  than  10  degrees.  This  can 
be  done  without  difficulty  by  using  a  graphical  method"^  or  a 
computer. 


The  linear  prediction  was  made  to  compare  trimmed  condi¬ 
tion  data  obtained  by  free-turning  tests.  The  derivatives 
for  the  trimmed  condition  (l.Sj^  trim  by  stern)  were  Inter¬ 
polated  from  trimmed  condition  data  obtained  at  rotating  arm 
tests. 

Predicted  turning  rate  Is  obtained  from  eq.  6: 

f  =  -0.58 

Figure  10  shows  the  free-turning  test  data  for  1.8$^  trim  by 
the  stern.  The  fair  curve  of  the  data  coincides  almost  ex¬ 
actly  with  the  linear  prediction.  One  curve}  therefore} 
represents  both  experimental  data  and  prediction.  It  can  be 
said  that  the  more  dynamically  stable  the  shlp}  the  better  Is 
the  linear  prediction.  In  the  same  figure  the  data  of  the 


Eda  and  Crane 

-15- 


003dUOi 

O 


lO 


dIHS  UIV 


\ 

\ 


3NIW  O 


CM 

o 


N 


0  + 


V 

Iv 


X 


J 


9 


Ed a  and  Crane 

-16- 


FIGURE  9.  TURNING  RATE  VERSUS  RUDDER  ANGLE 
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FIGURE  10.  EFFECT  OF  TRIM  ON  TURNING 


Eda  emd  Crane 
-18- 


even  keel  condition  are  shovm  for  comparison  with  the  trimmed 
condition.  It  is  seen  in  the  figure  that  a  small  trim  by  the 
stem  Induces  a  large  change  in  the  steering  quality. 

The  characteristics  of  calculated  drift  angle  are  quite 
similar  to  those  of  turning  rate,  and  the  comparison  made 
between  linear  prediction  and  free -turning  tests  shows  the 
same  tendency  in  Fig.  11. 

These  comparisons  indicate  that  the  linear  calculation 
would  be  quite  useful  for  the  evaluation  of  lateral  motion 
due  to  rudder  activity  provided  that  the  rudder  angle  is  not 
large.  Based  on  this  observation  the  lateral  motion  behavior 
of  the  Series  60  is  computed  and  discussed  in  a  later  section. 


V.  SHIP  RESPONSE  DUE  TO  RUDDER  ACTIVITY 


It  has  been  shown  in  the  previous  section  that  linear 
calculations  can  predict  lateral  motions  adequately  when 
rudder  angles  are  not  large.  Based  on  this  observation  it  is 
possible  to  evaluate  the  lateral  motions  resulting  from  arbi¬ 
trary  rudder  motions  by  employing  the  eight  coefficients  ob¬ 
tained  in  previous  sections  In  the  linear  equations  of  yaw 
and  sway. 

The  response  of  a  system  to  an  arbitrary  Input  can  be 
determined  by  a  technique  based  on  harmonic  analysis  or  the 
convolution  integral. 

Frequency  response  of  the  yaw  motion  of  the  Series  60 
model,  the  dynamically  stable  ship,  was  calculated  from 
available  data  on  the  forces  and  moments  acting  on  the  hull 
and  on  the  rudder.  This  was  done  to  provide  a  clear  basis 
for  discussing  steering  characteristics  In  terms  of  ship  per¬ 
formance. 

Rudder  motion  Is  specified  by 

6(s)  =  6slna)g  (7) 

where  co  =  circular  frequency  of  rudder  motion 
s  =  space  time 

Substituting  eq.  7  Into  the  equation  of  yaw  (eq.  3) » 
we  obtain 
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(8) 


***  ••  * 

Vz*  *  <Vz  ■  "r'V’* 

=  5>/(V6  ■  Ve)'  *  sln(ajj+Oi) 


■.  m  N  oj 

where  a,  =  tan  ”  ^ 

Vs  -  Vi 

The  solution  of  eq.  8  can  be  written  In  the  following 
familiar  form; 


i/  =  slnCoig  -  a) 


(9) 


where 


dg  =  static  deflection  =  y 


fi  =  magnification  factor  = 


a)_  =  natural  frequency  (undamped)  = 

n  A 


c  =  damping  =  Y^n^  -  N^my 


c^  =  critical  damping  =  2 


-  Vp) 


2(#)(^) 


1  °n 

a  =  phase  lag  =  =  tan  “  - 2 — 

1  -  (—  ) 
'  /i\  ' 


0), 


n 


The  yaw  angle  response  is  obtained  from  eq.  9 

sin  [  Og  -  ( a  +  90°)  ]  ( lO) 

The  responses  of  yaw  for  each  of  three  different  trim 
conditions,  including  even  keel,  are  shown  in  the  vector 
locus  diagram  (Pig.  ll) . 
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The  vector  locus  diagram  shows  the  relationship  between 
the  input  (rudder  angle)  and  the  output  (yaw  response)  on  a 
frequency  base. 


ly 


In  the  figure.  Vector  A  repre¬ 
sents  the  response  at 
frequency  =  . 

A  =  amplitude  ratio  of  response 
to  input  ii//6  or  f/6) 

a  =  phase  lag 


Yaw  response  due  to  am  arbitrary  motion  of  the  rudder 
cam  be  obtained  by  combining  the  techniques  of  harmonic 
amalysls  and  frequency  response. 

The  rudder  motion  6(s),  with  a  period  of  T  (in  space 
time),  can  be  represented  as  follows: 


6(a) 


CO 

n=l 


A^cos— 


n=l 


B^sln^^p- 


where 


6(  s)ds 

6(s)cos^^  sds 
6(s)sin^  sds 


(11) 


The  computations  of  the  harmonic  analysis  were  carried 
out  by  the  IBM  1620  digital  computer  of  Stevens  Institute  of 
Technology. 

In  the  analysis  of  zig-zag  tests,  the  Iterative  method 
was  employed  to  determine  the  value  of  period  T  ( In  space 
time) ,  whereas  T  Is  detennlned  automatically  in  the  process 
of  the  full-size  zig-zag  maneuvers. 
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and  for  yaw  responses  (V'  and  if/)  due  to  the  Nth 

component  of  rudder  motion  were  determined  directly  from  fre¬ 
quency  response  results. 

Results  are  presented  In  the  form  of  a  vector  locus  dia¬ 
gram  for  all  three  trim  conditions  In  Pig.  12.  The  response 
at  any  particular  frequency  value  Is  represented  by  the 
vector  connecting  the  origin  with  the  point  associated  with 
that  frequency  on  the  vector  locus.  The  middle  curve  of 
Pig.  12  represents  the  even  keel  condition,  the  Inside  curve 
the  condition  of  3$^  trim  by  stern,  and  the  outsldd  curve  the 
Condition  of  2$^  trim  by  the  bow.  It  should  be  noted  that  a 
2  or  35^  change  In  trim  Induces  a  large  difference  In  response. 
This  tendency  agrees  with  results  obtained  during  free-turning 
tests,  as  are  shown  In  Pig.  9* 

During  full-size  ship  trials  a  zig-zag  test  Is  often 
carried  out  to  determine  the  steering  characteristics  of  the 
ship.  In  this  way  a  considerable  amount  of  full-size  test 
data®  has  become  available  for  examination.  It  Is  therefore 
desirable  to  correlate  the  rotating  arm  tests  with  the  zig-zag 
test  data. 

Predicted  response  of  the  Series  60  (C,  =  0.6o)  to  the 
zig-zag  rudder  sequence  was  calculated  using  a  harmonic 
analysis.  In  Pig.  13  the  zig-zag  movement  of  the  rudder  and 
the  calculated  yaw  response  (yaw  angle  and  yaw  rate)  of  the 
ship  are  shown.  The  dashed  lines  represent  the  fundamental 
components  of  the  response.  It  Is  seen  that  the  fundamental 
components  of  yaw  angle  response  represent  the  behavior  fair¬ 
ly  well  except  for  some  differences  In  the  regions  where  the 
rudder  Is  shifted  to  the  opposite  side.  Accordingly,  the 
fundamental  component  Is  not  considered  sufficient  for 
evaluation  of  the  zig-zag  response,  although  it  gives  the 
general  tendency. 

In  order  to  make  clear  the  effect  of  trim,  the  response 
of  the  ship  was  calculated  for  three  different  trim  conditions. 
In  Pig.  l4  one  cycle  of  the  steady  response  of  the  zig-zag 
test  Is  shown.  Trim  by  the  stern,  which  Is  consistent  with 
greater  dynamic  stability,  has  the  smallest  response  amplitude. 
Trim  by  the  bow,  on  the  other  hand,  results  In  greater  tend¬ 
ency  to  overshoot  because  of  reduced  dynamic  stability. 

Yaw  response  Induced  by  rudder  motion  has  been  described 
above.  Exactly  the  same  technique  can  be  applied  In  a  treat¬ 
ment  of  yawing  motion  due  to  waves,  although  certain  problems 
such  as  the  evaluation  of  the  coupling  terms,  damping  terms, 
and  wave  excitation  in  the  equations  of  motion  should  be 
further  Investigated  first. 
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FIGURE  13.  RESPONSE  OF  ZIG-ZAG  TEST  (CALCULATED) 


TRIM  BY  STCRN  S% 


FIGURE  14.  EFFECT  OF  TRIM  ON  THE  RESPONSE  OF  ZI6- 
STEADY  STATE) 


Eda  and  Crane 
-26- 


r 


VI.  SPEED  REDUCTION  DUE  TO  YAW  AND  SWAY 


Reduction  of  speed  due  to  yaw  and  sway  was  found  to  be 
of  significant  magnitude  In  the  free-turning  tests. 

In  the  procedure  of  the  rotating  arm  tests  made  with 
propeller,  propeller  revolutions  In  each  case  were  adjusted 
to  achieve  the  zero  drag  condition. 

Since  thrust  coefficient  Is  quite  linear  for  a  wide 
range  of  advance  constants,  the  Increased  resistance  could 
be  evaluated  from  the  data  on  propeller  revolutions  which 
were  obtained. 

One  of  the  dominant  factors  of  speed  reduction  Is  that 
due  to  rudder  angle.  Variation  of  propeller  revolutions  Is 
plotted  against  rudder  angle  for  three  rotating  arm  radii  In 
Pig.  6.  Prom  these  data  the  ratio  of  Increased  resistance 
to  the  total  resistance  was  obtained.  Plgure  15  shows  the 
ratio  of  Increased  resistance  plotted  against  rudder  angle. 

Drift  angle  Is  another  Important  factor  of  speed  re¬ 
duction.  Variations  of  propeller  revolutions  versus  drift 
angle  are  shown  In  three  curves  for  different  turning  rates 
In  Pig.  7.  If  Increased  resistance  In  turning  Is  plotted 
with  relation  to  the  product  r/3,  the  data  from  the  three 
curves  of  Pig.  7  will  define  a  single  straight  line  as  shown 
In  Pig.  16.  This  establishes  a  relation,  l.e.,  that  In¬ 
creased  resistance  In  the  longitudinal  direction  due  to  yaw 
and  sway.  Is  approximately  proportional  to  the  product  rj3. 

This  relation  csin  be  Interpreted  as  the  longitudinal  component 
of  the  total  centrifugal  force  due  to  turning . 

Por  the  range  of  speeds  of  the  present  tests,  the  total 
resistance  of  the  model  can  be  considered  proportional  to  the 
square  of  the  advance  speed. 

Assuming  the  thrust  given  to  the  ship  Is  constant,  we 
obtain  the  following  simple  relationship  for  speed  reduction 
(provided  the  reduction  In  speed  Is  not  large): 

R„-[aRj(6) 

- - Yt — -  = 

o  o 

where  V^  =  Initial  speed 

V  =  reduced  speed 
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RUDDER  ANCLE  tS 


FIGURE  15.  INCREASED  RESISTANCE  DUE  TO  RUDDER  ANGLE 
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CO 


initial  resistance 


«  increased  resistance  due  to  rudder  angle 
(Pig.  15) 

=  increased  resistance  due  to  yaw  and  sway 
(Pig.  16) 

Based  on  these  relations  speed  reduction  for  the  free- 
turning  tests  was  evaluated  and  compared  with  actual  test 
results.  Fairly  good  agreement  is  apparent  in  Fig.  17 . 

Slight  differences  appear  at  large  turning  rates.  This 
accounts  for  the  existence  of  other  factors  causing  speed 
reduction.  The  comparison  in  Pig.  17  shows,  however >  that 
other  factors  present  are  small  enough  to  be  neglected  except 
at  large  turning  rates.  The  above-mentioned  relationships 
bearing  on  speed  reduction  are  believed  to  form  a  reasonable 
basis  for  evaluating  the  speed  loss  of  a  ship  due  to  steering 
action  for  course  keeping  in  waves.  It  is  expected  that  fur¬ 
ther  research  will  determine  some  relationship  between  speed 
loss  in  waves  and  steering  characteristics  such  as  the  dy¬ 
namic  stability  index  of  ships. 


AR5(6) 

ARr^(r,^) 


VII .  CONCLUSIONS 


1.  Predictions  of  lateral  motion  using  linear  theory 
indicate  satisfactory  agreement  with  experimental  results  for 
rudder  angles  less  than  approximately  10°.  Yaw  and  sway 
within  this  range  can  be  satisfactorily  treated  as  linear 
motions.  Prom  these  observations  it  is  concluded  that  linear 
treatments  of  lateral  motions  will  give  reasonable  predictions 
in  further  analyses  of  steering  qualities. 

2.  Calculation  of  frequency  response  and  harmonic 
analysis,  based  on  the  rotating  arm  test  data,  show  that  the 
dependence  of  yaw  amplitude  on  trim  is  very  strong.  Yaw 
amplitude  Increases  substantially  with  trim  by  the  bow  and 
decreases  with  trim  by  the  stern.  This  tendency  was  also  ob¬ 
served  in  the  free- turning  tests.  In  other  words,  trim  by  the 
stern  Induces  an  increase  of  dynamic  stability  and  a  decrease 
of  turning  ability,  and  trim  by  the  bow  Induces  a  decrease  of 
dynamic  stability  and  an  increase  of  turning  ability. 

3.  An  attempt  to  use  rotating  arm  test  results  to  pre¬ 
dict  the  response  to  a  zig-zag  maneuver  was  made.  This  kind 
of  technique  will  be  developed  in  conjunction  with  experi¬ 
mental  work  during  further  research  on  ship  controllability. 
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4.  Speed  reduction  due  to  yaw  and  sway  was  predicted 
from  rotating  arm  test  results.  Comparisons  between  pre¬ 
dictions  and  free-turning  results  showed  good  agreement. 

This  technique  will  also  be  developed  In  further  research  on 
the  steering  problems  of  ships  at  sea. 

5.  The  effect  of  placing  a  ship's  rudder  directly  In 
the  propeller  race  Is  known  to  Improve  steering  qualities  to 
a  large  extent.  Measurement  of  lateral  rudder  force  of  the 
Series  60  model  showed  this  to  be  more  than  two  times  as 
great  with  the  rudder  behind  the  propeller  as  with  the  pro¬ 
peller  removed.  The  tendency  mentioned  here  can  be  general¬ 
ized  for  ordinary  type  cargo  ships,  having  single  screw  and 
single  rudder. 

6.  The  Series  60  model  (Cj^  =  0.6o),  with  a  rudder  of 
typical  size  for  this  kind  of  snip,  possesses  sufficient 
dynamic  stability,  but  somewhat  less  than  average  turning 
ability. 
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DESIGN  TRENDS  IN  SHIP  STEERING  CONTROL 


J.  Bentkowskyr 

Engineering  Section  Head  -  Controls 
Sperry  Piedmont  Company 
Division  of  Sperry  Rand  Corporation 


The  purpose  of  this  paper  is  to  discuss  the  art  of  ship  con¬ 
trol  from  the  point  of  view  of  the  control  engineer,  rather  than 
that  of  the  ship  designer.  The  basic  consideration  of  this  ap¬ 
proach  is  that  the  ship  itself  is  a  fixed  object  to  be  controlled. 

It's  hydrodynamic  characteristics  are  given  and  it  is  the  function 
of  the  control  engineer  to  build  a  set  of  controls  which  will  enable 
the  ship  to  attain  the  type  of  performance  inherent  in  the  ship. 

Automatic  ship  steering  controls  have  been  in  existence  for 
many  years,  and  today  virtually  every  ocean  going  merchant  ship 
is  equipped  with  automatic  controls.  In  the  past  few  years  there 
has  been  an  increasing  concern  about  the  performance  of  these 
ships,  particularly  in  extremely  heavy  weather.  Until  recently 
this  had  not  been  a  matter  of  great  concern,  inasmuch  as  all 
ships  have  a  helmsman  on  station  who  can  be  called  upon  to 
substitute  for  the  automatic  pilot  in  extremely  heavy  weather. 

Since  the  probability  of  such  weather  is  small,  no  great  hardship 
resulted.  On  the  other  hand,  there  is  today  considerable  interest 
in  reducing  the  size  of  crew  aboard  ship.  To  do  this  successfully 
requires  complete  elimination  of  the  helmsman.  The  automatic 
pilot  must  now  have  100  percent  utilization  in  all  kinds  of  weather. 

Virtually  without  exception,  all  automatic  controls  to  date  have 
been  designed  for  maneuvering  in  calm  water  rather  than  for  course 
keeping.  Sensitivities  have  been  adjusted  to  make  smooth,  well- 
damped  turns  rather  than  to  keep  course  optimally  in  seas.  While 
ttiis  has  been  done  primarily  as  a  matter  of  expedience,  experience 
has  shown  that  it  works  satisfactorily  for  course  keeping  in  mod¬ 
erate  seas. 

The  time  has  come,  however,  when  we  must  start  designing 
specifically  for  course  keeping,  particularly  for  heavy  weather. 
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My  talk  today,  therefore,  is  divided  into  two  parts.  First,  I  would 
like  to  describe  the  state  of  the  art  of  automatic  steering  and 
secondly,  I  will  describe  the  approaches  to  designing  for  course 
keeping. 

A  block  diagram  of  an  automatic  control  system  is  shown  in 
Figure  1.  The  automatic  control  receives  as  inputs  a  command 
signal  of  ordered  course,'  and  a  signal  of  own  ship's  course  from 
a  gyro-compass.  The  difference  between  these  two  signals  is 
measured  and  fed  into  the  control  computer  which  is  the  "brains" 
of  the  system.  Here  it  is  amplified  and  differentiated,  filtered. 
Integrated,  or  otherwise  operated  upon.  The  output  of  the  com¬ 
puter  is  an  ordered  rudder  angle  signal  which  may  be  either  in 
electrical  or  mechanical  form.  This  signal  is  then  used  to  posi¬ 
tion  the  rudder  through  a  hydraulic  servo  actuator  which  provides 
the  "muscles"  of  the  control  system. 

As  we  continue  around  the  steering  loop,  we  see  that  the  rud¬ 
der  applies  both  a  force  and  a  moment  to  the  ship.  The  ship  is 
also  subjected  to  sea  and  wind  disturbances  which,  in  the  methods 
of  control  system  analysis,  are  shown  summed  with  the  rudder 
force  and  moment  in  their  effects  on  the  ship.  The  gyro-compass 
on  the  ship  provides  the  signal  to  close  the  steering  control  loop. 

All  automatic  pilots  are  designed  with  both  a  fully  automatic 
mode,  as  shown,  and  a  manual  or  hand- electric  mode.  In  the  hand- 
electric  mode  the  rudder  is  positioned  directly  from  orders  in¬ 
serted  into  the  rudder  actuator  from  the  helm.  Inasmuch  as  the 
same  servo  mechanism  is  used  for  both  manual  and  automatic 
control,  the  separation  of  the  autopilot  into  computer  and  actuator 
subsystems  is  a  convenient  one. 

Intuitively,  it  is  apparent  that  the  faster  the  rudder  can  move 
the  greater  the  performance  potential  of  the  system.  However,  on 
a  practical  basis  there  are  very  severe  limitations.  The  actuator 
is  by  far  the  most  costly  portion  of  the  system.  Since  rudder  power 
is  directly  proportional  to  rudder  speed,  additional  size  and  power 
dissipation  accompanying  increased  rudder  rate  are  serious 
economic  limitations  which  must  be  weighed  against  potential  per¬ 
formance  improvements.  While  increasing  the  maximum  avail¬ 
able  rate  never  deteriorates  the  performance,  it  does  not,  beyond 
a  point,  necessarily  improve  performance.  The  forces  available 
from  the  rudder  are  also  limited  and  after  a  while  this  force  limi¬ 
tation  overrides  the  rate  limitation.  Selection  of  a  maximum  rud¬ 
der  rate  thus  represents  one  of  the  major  design  decisions. 

One  effect  of  limiting  the  maximum  rudder  rate  can  be  seen 
in  Figure  2.  Coast  Guard  regulations  require,  for  merchant  ships, 
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a  minimum  rudder  rate  capability  of  hardover  to  hardover  (70  deg) 
in  25  seconds.  It  is  seen  that,  with  this  rate,  the  maximum  fre¬ 
quency  at  which  the  rudder  can  be  oscillated  sinusoidally  between 
limits  is  0.  08  radians  per  second.  This  corresponds  to  a  period 
of  approximately  80  seconds.  At  a  20  second  period  the  maximum 
effective  rudder  angle  is  only  nine  degrees.  This  can  be  increased 
to  18  degrees  by  doubling  the  maximum  rudder  rate. 

The  frequency  response  characteristics  of  the  actuator  system 
could  be  a  limiting  factor.  However,  in  general,  actuator  band- 
widths  in  the  order  of  0.  25  to  0.  5  radians  per  second  are  sufficient 
and  are  relatively  simple  to  attain.  The  actuator,  including  the 
linkage  to  the  rudder,  should  have  a  minimum  of  dead  zone  or 
back  lash  so  that  the  rudder  can  respond  to  small  signal  orders. 

With  reasonably  designed  systems  a  total  dead  band  of  approximately 
one-quarter  degree  is  not  difficult  to  attain  and  does  not  inhibit 
the  performance. 

Let  us  examine  briefly  several  configurations  of  hydraulic 
servo  actuators  in  current  use. 

Figure  3  illustrates  the  most  commonly  used  steering  system 
actuator.  A  servo  valve  is  actuated  from  a  servo  amplifier  and  is 
used  to  position  a  hydraulic  cylinder.  The  cylinder,  operating 
through  a  mechanical  differential  strokes  a  variable  delivery  pump 
which  ports  oil  to  the  hydraulic  ram  which,  in  turn,  moves  the  rud¬ 
der.  A  linkage  operating  off  the  rudder  operates  through  the  dif¬ 
ferential  to  take  the  pump  off  stroke.  An  electrical  transducer, 
usually  a  potentiometer,  is  linked  to  the  control  cylinder  and  closes 
the  loop  around  the  rudder  orders.  It  is  seen  that,  in  actuality, 
there  are  two  servos  in  tandem,  one  positioning  the  control 
cylinder,  the  second  the  rudder.  The  first  is  electro-hydraulic; 
the  second  has  no  electrical  connections  at  all.  In  most  installa¬ 
tions  the  control  cylinder  servo  is  of  the  bang- bang  or  on-off  type. 
The  servo  valve  is  nothing  more  than  a  pair  of  solenoid  actuated 
two-way  valves,  so  that  the  control  cylinder  is  moving  either  at 
maximum  speed  or  not  at  all.  Although  this  system  is  still  by  far 
the  most  popular  today,  it  is  starting  to  fall  out  of  favor,  due 
primarily  to  the  high  cost  of  the  mechanical  differential.  Also,  due 
to  wear  in  the  differential,  it  is  difficult  to  keep  the  actuator 
dead  band  sufficiently  small  for  high  performance  systems. 

In  order  to  eliminate  the  cumbersome  mechanical  differential, 
some  of  the  more  recently  designed  merchant  ships  have  a  so- 
called  integrated  steering  system,  as  shown  in  Figure  4.  Here  the 
stroke  control  ram  strokes  the  variable  delivery  pump  directly. 

Two  feedback  signals  are  provided,  one  from  the  output  ram  to 
close  the  loop,  and  the  other  the  position  of  the  stroke  control  ram. 
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The  latter  signal  is  now  proportional  to  pump  flow,  or  rudder 
rate,  and  serves  to  stablize  the  servo  loop.  This  system,  in 
addition  to  its  comparative  simplicity,  has  the  additional  ad¬ 
vantage  of  extreme  flexibility.  By  varying  the  relative  signal 
gradients  of  the  two  transducers,  the  servo  response  can  be 
varied  over  an  extremely  wide  range.  For  research  purposes, 
the  integrated  steering  system  provides  a  much  more  useful 
vehicle  than  does  the  differential  system. 

Now  let  us  go  from  the  actuator  to  the  computer.  Virtually 
all  autopilots  in  use  today  are  so-called  rate  pilots.  That  is, 
they  use  a  heading  rate  signal  in  addition  to  a  heading  error  signal. 
The  control  computer  is  set  up  to  solve  the  control  equation  shown 
in  Figure  5. 

The  course  error  signal  is  obtained  from  the  difference  between 
signals  of  heading  order  and  own  ships  course  as  obtained  from  a 
gyro-compass.  In  general,  these  signals  are  electrical  and  are 
derived  from  potentiometers  or  synchros.  The  turning  rate 
signal  is  obtained  from  a  tachometer  geared  either  to  the  com¬ 
pass  or  to  a  compass  repeater.  The  sensitivities  are  functions 
of  the  ship's  characteristics  and  speed,  and  of  the  characteristics 
of  the  rudder  servo.  For  simplicity,  the  sensitivities  can  be  con¬ 
ceived  of  as  varying  as  follows:  The  ratio  n/m  is  a  function  of  the 
hydrodynamic  characteristics,  primarily  the  damping  coefficient, 
and  theoretically  varies  inversely  as  ship's  speed.  On  merchant 
ships,  which  operate  at  essentially  constant  speed,  no  provision 
is  made  to  vary  the  n/m  ratio.  Submarines,  on  the  other  hand, 
use  their  automatic  control  systems  from  dead  slow  to  flank  speed. 
To  cover  this  range  an  automatic  speed  control  input  is  provided. 

The  levels  of  the  n  and  m  sensitivities  are  determined  largely 
by  the  actuator  characteristics  (maximum  rate  and  small  signal 
non-linearities)  and  also  by  the  sea  state.  A  sensitivity  control, 
or  weather  adjustment,  is  made  available  on  all  systems  which 
serves  to  reduce  the  system  sensitivities  in  heavy  weather.  The 
function  of  this  weather  adjustment  is  not  to  improve  the  course 
keeping  ability,  but  rather  to  reduce  excessive  rudder  activity. 

In  general,  except  for  very  heavy  weather,  the  course  keeping 
performance  improves  with  increased  sensitivity. 

Automatic  pilots  also  have  the  function  of  making  course  changes 
in  addition  to  keeping  course.  This  ability  to  maneuver  automatical¬ 
ly  is  more  important  in  a  military  than  a  merchant  ship,  but  the 
requirements  generally  exist  for  both.  Designing  high  performance 
maneuvering  systems  presents  some  interesting  challenges.  For 
example,  going  back  to  our  control  equation,  if  the  sensitivities 
m  and  n  are  held  constant  and  step  commands  are  inserted,  the 
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resulting  ship  responses  will  vary  with  the  signal  amplitude  as 
shown  in  Figure  6.  If  the  response  is  made  optimum  for  small 
maneuvers,  large  maneuvers  can  be  highly  underdamped,  or 
even  oscillatory.  On  the  other  hand,  if  the  response  is  optimized 
for  large  changes,  then  small  changes  can  be  highly  overdamped. 
This  phenomenon  occurs  primarily  at  higher  speeds  and  is  a  re¬ 
sult  of  the  limited  rudder  rate.  The  solution  to  this  problem  is  a 
non-linear  error,  being  large  for  small  errors  and  smaller  for 
large  errors.  By  a  proper  choice  of  non-linearity,  the  response 
form  can  be  made  essentially  independent  of  amplitude. 

We  now  come  to  the  problem  of  course  keeping.  Before  any 
automatic  control  design  can  be  undertaken  it  is  necessary  to 
characterize  both  the  magnitude  and  frequency  of  the  disturbances 
acting  on  the  ship,  and  to  compare  these  to  the  corrective  forces 
and  moments  available  from  the  rudder.  An  example  of  such  a 
computation  will  be  given  now.  As  will  be  seen,  this  computation 
will  be  very  helpful  in  understanding  both  the  practical  problem 
of  steering  in  these  seas  and  also  the  analysis  problem  facing 
the  designer.  For  illustrative  purposes  we  will  use  a  Mariner 
vessel,  operating  at  20  knots  in  a  state  six  sea/  What  we  will 
compute  are  the  yaw  moment  disturbance  and  the  yaw  response 
of  the  uncontrolled  ship  in  both  bow  and  quartering  seas.  For  the 
purposes  of  the  illustration  the  sway  force  will  be  neglected,  al¬ 
though  this  is  a  significant  factor  in  determining  the  ultimate 
control  system  configuration.  As  a  result  of  this  computation 
we  will  be  able  to  formulate  a  more  specific  statement  of  the 
problem,  and  also  obtain  an  approach  to  the  solution.  In  the  course 
of  the  computation  some  of  the  analytic  tools  we  are  using  will 
become  apparent. 

The  characteristics  of  the  ship  we  are  using  are  given  in 
Figure  7.  Essentially  it  is  a  528  foot  long  ship  with  a  displace¬ 
ment  of  16,  500  tons.  At  the  speed  of  20  knots,  maximum  rudder 
displacement  produces  a  moment  of  approximately  9  x  10^  foot¬ 
pounds. 

We  will  characterize  a  state  six  sea  by  means  of  a  Neumann 
spectrum  for  a  28  knot  wind  fully  arisen  sea/  This  spectrum  is 
illustrated  in  Figure  8.  In  a  Neumann  sea  the  variation  of  wave 
heights  is  Gaussian  in  nature.  For  the  illustrated  spectrum  the 
average  height  from  crest  to  trough  of  the  one-third  highest  waves, 
the  so-called  significant  height,  is  18  feet.  Let  us  consider  the 
significance  of  this  spectral  curve.  The  area  under  the  curve 
represents  the  mean  square  height  of  the  sea  above  mean  water 
level.  Between  any  two  frequencies,  the  area  under  the  curve 
represents  the  mean  square  height  of  those  waves  within  the  fre¬ 
quency  band.  From  a  physical  viewpoint  the  significance  of  the 
spectrum  is  the  area  under  the  curve  rather  than  the  curve  itself. 
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The  Neumann  spectrum  is  a  stationary  one,  that  is  the  fre¬ 
quencies  indicated  are  those  seen  by  a  stationary  observer.  Aboard 
a  moving  ship  the  frequencies  of  encounter  vary  as  a  function  of 
the  relative  velocities  of  the  ship  and  the  wave  and  the  sea  state 
spectrum  must  be  revised  accordingly.  The  basis  for  the  revised 
sea  spectra  is  shown  in  Figure  9,  which  illustrates  the  relation¬ 
ship  between  the  wave  length  and  frequency  of  a  gravity  wave  as  a 

function  of  ship  speed  and  relative  sea  direction.  The 


is  called  the  wave  celerity  and  is  the  velocity  of  the  wave  front.  At 
zero  speed  it  is  seen  tiiat  the  frequency  of  each  wave  decreases 
with  wave  length,  while  the  celerity  increases  with  wave  length. 

Thus,  longer  waves  have  a  lower  frequency,  but  a  higher  velocity. 

As  seen  by  a  moving  observer  the  relative  velocity  of  each  wave 
length  component  is  the  celerity  minus  the  component  of  ship's  speed 
in  the  direction  of  the  wave  travel  and  the  encounter  frequencies 
are  modified  accordingly.  In  a  head  sea  each  wave  length  compo-- 
nent  is  encountered  at  a  higher  frequency.  In  following  seas,  the  fre¬ 
quencies  are  lower,  and  in  fact  can  go  negative.  What  this  means 
is  that  for  a  true  following  sea,  waves  longer  than  225  feet  over¬ 
take  a  20  knot  ship,  while  the  ship  overtakes  all  waves  shorter 
than  225  feet.  Another  interesting  phenomenon  in  a  following  sea 
is  the  fact  that  the  encounter  frequency  reaches  a  peak  at  a  wave 
length  which  is  four  times  the  zero  frequency  wave  length.  Start¬ 
ing  with  very  long  waves,  the  length  of  the  wave  decreases  at  a 
faster  rate  Aan  the  wave  velocity  and  the  frequency  increases. 

As  we  pass  900  feet,  the  velocity  begins  to  decrease  faster  than 
the  wave  length  and  the  frequency  decreases.  The  effect  of  this 
peak  in  frequency  is  to  distort  the  encounter  frequency  spectrum 
in  following  seas. 


The  encounter  spectra  are  shown  in  Figure  10,  for  bow,  beam 
and  quartering  seas.  The  markings  on  each  spectrum  correspond 
to  waves  of  equal  length.  The  beam  sea  spectrum  is  identical  to 
the  stationary  spectrum.  The  bow  sea  spectrum  is  shifted  toward 
the  higher  frequencies.  The  quartering  sea  spectrum  is  shifted 
toward  the  left,  reaches  an  infinite  peak  at  a  frequency  of  0.34 
radian  per  second  and  then  reverses  direction.  The  significance 
of  this  infinite  peak  is  difficult  to  appreciate  at  first  glance.  How¬ 
ever,  we  recall  that  the  physical  significance  of  the  spectrum  is 
in  the  area  under  the  curve.  And,  strange  as  it  seems,  the  areas 
under  all  three  curves  are  identical. 


Because  of  the  difficulty  in  visualizing  the  significance  of 
spectra  with  infinite  peaks,  it  is  far  more  convenient  to  do  all  the 
work  with  wave  length  rather  than  frequency  as  the  independent 
variable.  The  28  knot  wind  Neumann  spectrum  is  shown  as  a  func¬ 
tion  of  wave  length  in  Figure  11.  The  area  under  this  curve  is 
identical  to  that  of  the  frequency  spectrum. 
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Now  that  we  have  a  representation  of  the  sea,  it  is  necessary 
to  convert  this  to  a  moment  acting  on  the  ship.  The  work  of 
Cummins  5  and  Korvin-Kroukovsky  *  provide  a  basis  for  computing 
the  moment  acting  on  a  ship  due  to  a  sinusoidal  surface  wave.  In 
performing  the  computation  used  here  the  hull  shape  was  simpli¬ 
fied  by  assuming  a  ship  symmetrical  about  the  yaw  axis,  whose 
submerged  cross  section  is  semi-circular.  This  is  a  usual  as¬ 
sumption  made  in  such  computations.  The  direction  of  encounter 
at  which  a  given  wave  induces  a  maximum  yaw  moment  on  a  ship 
is  a  function  of  the  relative  lengths  of  the  wave  and  the  ship  and  of 
the  speed  of  the  ship.  For  illustrative  purposes  a  45  degree  angle 
of  encbunter  has  been  used,  and  the  moment  associated  with  each 
of  the  wave  length  components  of  the  spectrum  has  been  computed. 

For  each  of  these  waves,  the  yaw  moment  per  unit  wave  height 
is  shown  plotted  in  Figure  12.  As  a  matter  of  interest  it  will  be 
noted  that  at  45  degrees  the  wave  length  for  maximum  moment  is 
approximately  two- thirds  the  length  of  the  ship.  This  critical  wave 
length  varies  with  the  angle  of  encounter. 

The  spectrum  for  the  moment  disturbance  is  obtained  by 
squaring  the  unit  moment  curves  and  multiplying  by  the  wave  height 
spectrum.  These  moment  spectra  are  shown  in  Figure  13.  The 
areas  under  these  curves  represent  the  mean  square  moment  ap¬ 
plied  to  the  ship,  the  square  root  of  the  area  is  the  root  mean 
square  or  rms  moment.  This  is  seen  to  be  16  x  lO’  foot  pounds  for 
the  quartering  sea  and  18.6  x  10  ^  foot  pounds  for  the  bow  sea.  With 
a  Gaussian  distribution,  the  moment  will  be  within  a  factor  of  two 
of  the  rms  value  90  percent  of  the  time. 

Referring  to  the  ship  characteristics,  the  maximum  rudder 
moment  was  seen  to  be  9  x  10^  foot  pounds,  so  that  in  a  state  six  sea 
the  peak  moments  applied  to  the  hull  are  in  the  order  of  four  times 
the  maximum  restoring  moment  available  from  the  rudder.  Further¬ 
more,  at  the  frequencies  involved,  the  maximum  rudder  angle  can¬ 
not  be  used  due  to  the  limited  rudder  rate  capability.  Basically, 
therefore,  it  appears  that  there  is  very  little  that  can  be  done  to 
stabilize  against  state  six  sea  disturbances.  The  small  amount 
of  stabilization  that  could  be  achieved  by  driving  the  rudder  hard- 
over  to  hardover  does  not  seem  worthwhile  at  all.  Before  abandon¬ 
ing  hope,  however,  it  is  worthwhile  to  compute  the  ship's  motions. 

All  the  disturbance  frequencies  we  have  been  considering  have 
been  in  the  frequency  band  above  0.  2  radian  per  second.  In  this 
region  the  ship  behaves  essentially  as  a  pure  inertia.  The  transfer 
function  of  the  ship  in  this  region  is  thus  quite  simple  and  the  yaw 
response  spectrum  can  easily  be  determined  from  the  moment 
spectrum.  This  is  shown  in  Figure  14. 
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YAW  MOMENT  FT- LBS  X  10  7 FOOT  OF  mVE  HEIGHT 


YAW  MOMENT  PER  UNIT  WAVE 


Figure  IZ 
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Figure  13 
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SPECTRAL  DISTRIBUTION  OF  YAW  RESPONSE 


Figure  14 
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Inasmuch  as  the  encounter  frequencies  for  the  bow  sea  situa¬ 
tion  are  much  higher  than  those  for  the  quartering  sea,  the  yaw 
responses  of  the  bow  sea  are  much  smaller.  In  order  to  show  the 
two  spectral  responses  on  the  same  illustration  it  was  necessary 
to  multiply  the  bow  sea  response  by  100.  Taking  the  square  root 
of  the  area  under  the  two  curves,  ^e  rms  value  of  yaw  angle  in  a 
quartering  sea  is  computed  to  be  2.  2  deg,  in  a  bow  sea  0.  24  de¬ 
gree.  Thus,  in  a  bow  sea  the  ship  will  be  off  course  by  leas  than 
one-half  degree  for  90  percent  of  the  time.  In  a  quartering  sea, 
it  will  be  off  course  by  less  than  4i/j  degrees  for  90  percent  of  the 
time.  The  bow  sea  performance  is  perfectly  satisfactory.  The 
quartering  sea  performance  is  becoming  marginal,  particularly  if 
other  motions  are  superimposed  on  the  sea  disturbance  motions. 

It  would  seem  that,  in  a  heavy  sea,  our  best  course  of  action 
might  be  to  leave  tl^e  rudder  on  zero.  However,  it  should  be 
recognized  that  our  brief  analysis  was  by  no  means  complete. 

First  of  all,  the  stability  of  the  Mariner  ship  is  marginal.  With 
zero  applied  rudder  the  ship  will  tend  to  drift  in  one  direction  or 
the  other.  Secondly,  there  are  d-c  or  very  low  frequency  dis-. 
turbances  acting  on  the  ship  due  to  wind  and  sway  forces.  The 
motions  due  to  these  disturbances,  on  an  instantaneous  basis,  are 
superimposed  upon  these  motions  due  to  the  sea  forces.  An  auto¬ 
matic  control  is  required  to  stabilize  against  these  other  disturb¬ 
ances. 

Although  the  spectral  responses  could  be  calculated  quite 
readily  for  the  uncontrolled  ship,  the  method  is  not  completely 
applicable  when  controls  are  used.  This  is  due  primarily  to  the 
non-linearity  caused  by  the  rudder  rate  limit.  Statistical  techniques, 
unfortunately,  are  not  directly  applicable  to  non-linear  systems. 

The  problem  is  further  complicated  if  a  non-linear  control  com¬ 
puter  is  required.  The  solution  to  the  problem  is  to  conduct  the 
analysis  with  an  analog  computer. 

Using  the  wave  length  domain  to  generate  spectra,  the  problems, 
of  Infinite  peaks  in  following  sea  encounter  spectra  can  be  avoided. 

An  approximation  of  the  spectrum  using  10  wave  components  is 
satisfactory  for  virtually  all  applications,  and  fewer  components 
can  generally  be  used. 

Although  we  have  not  solved  the  problem  yet,  we  have  learned 
much  which  will  be  useful  in  obtaining  the  ultimate  solution.  Let  us 
review  what  we  have  learned. 

First  of  all,  we  have  a  method  of  predicting  uncontrolled  mo¬ 
tions  in  a  seaway  which  is  valid  not  only  for  the  Neumann  spectrum 
but  for  any  spectrum  which  might  be  found  to  be  valid.  The  ability 
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to  predict  uncontrolled  motions  provides  the  basis  for  devising 
performance  criteria.  Lack  of  suitable  criteria  has  been  one  of 
the  biggest  stumbling  blocks  in  evaluating  the  performance  of 
on-board  systems. 

The  second  important  fact  we  have  learned  is  that  it  is  not 
worthwhile  trying  to  stabilize  against  high  frequency  disturbances. 
From  this  point  of  view,  disturbance  frequencies  of  0.3  radian  per 
second  are  considered  high. 

We  can  therefore  expect  that  the  ultimate  computer  configura¬ 
tion  will  include  a  low  pass  filter.  This  will  not  solve  the  entire 
problem  Inasmuch  as  it  is  difficult  to  design  a  filter  with  exactly 
the  proper  attenuation  characteristics  which  will  simultaneously 
provide  a  stable  control  loop.  Further,  very  severe  filtering 
will  also  seriously  inhibit  the  turning  or  maneuvering  capability 
of  the  ship. 

It  is  probable  that  the  ultimate  control  computer  configuration 
will  include  a  dead  zone  in  one  or  another  of  the  signal  channels. 
Dead  zones  have  been  used  rather  successfully  as  weather  adjust¬ 
ments.  A  dead  zone  is  built  into  an  on-off  control  system,  so  that 
a  reduction  in  sensitivity  is  accompanied  by  an  increase  in  the 
system  dead  zone.  On  one  type  of  submarine  steering  control, 
a  dead  zone  was  inserted  in  the  rate  signal,  with  reasonable  suc¬ 
cess. 

The  big  design  problem  is  to  obtain  a  control  which  will  func¬ 
tion  satisfactorily  in  both  course  keeping  and  course  changing  with 
a  minimum  of  adjustments  for  sea  conditions.  We  do  not  have  the 
system  yet.  However,  we  are  working  on  it,  and  I  hope  to  be  able 
to  report  results  by  the  next  seminar. 

The  author  wishes  to  express  his  appreciation  to  Mr.  Tom 
Noble  of  Sperry  Piedmont  Company  for  his  assistance  in  perform¬ 
ing  the  computations  and  preparing  the  illustraticns  associated  with 
the  ship  motion  computations. 
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SUMMARY 


The  motions  of  a  submerged  body  at  zero  forward  velocity 
in  regular  and  Irregular  waves  are  defined  as  a  function  of 
wave  size,  wave  direction,  and  depth  of  submergence.  It  is 
found  that  in  regular  waves  the  submerged  body  acts  essentially 
as  a  water  particle  at  depth  and  that  the  heave  and  surge 
motions  are  those  of  a  water  particle  at  the  center  of  gravity 
of  the  body.  In  beam  seas  the  hydrodynamic  roll  moment  Is 
proportional  to  the  wave  slope  at  depth.  All  roll  motions 
are  determined  using  this  effective  wave  slope,  the  natural 
roll  frequency  and  damping  of  the  body,  and  the  standard 
dynamic  equations  of  motion  of  a  linear,  single  degree- of- 
freedom  oscillator.  In  head  seas,  the  heave  and  surge  motions 
are  equal  to  those  of  a  water  particle  at  the  center  of  gravity 
when  the  wave  length  Is  greater  than  approximately  four  times 
the  model  length.  The  pitch  amplitude  of  the  body  Is  equal 
to  the  effective  wave  slope  at  depth  when  the  wave  size  Is 
greater  thaui  approximately  two  times  the  model  length.  Results 
of  energy  spectrum  analysis  In  irregular  waves  shows  that  the 
"principle  of  linear  superposition  of  component  responses"  Is 
also  applicable  In  predicting  the  irregular  spectrum  of 
motions  of  submerged  bodies  In  head  and  beam  seas. 


I.  INTRODUCTION 


Hydrodynamlclsts  have  for  many  years  been  concerned 
with  analytical  eind  experimental  studies  of  the  motions  of 
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surface  ships  when  running  at  various  headings  in  regular  and 
Irregular  wave  systems.  The  literature  contains  numerous 
papers  on  this  subject  Including  the  works  of  St.  Denis  and 
Pierson,^  Fuchs  and  MacCamy,^  Lewis  emd  Numata,®  Williams,* 
etc.  The  general  conclusion  of  these  studies  is  that  the 
ship  response  to  regular  waves  is  governed  by  the  dynamics 
of  a  system  composed  of  the  ship  with  its  inertia  and  damping 
characteristics  acted  upon  by  a  forcing  function  associated 
with  the  height  and  length  of  the  regular  wave.  The  Irregular 
response  of  a  ship  to  an  Irregular  wave  form  is  equal  to  the 
summation  of  Its  responses  to  the  component  waves. 

It  was  believed  that  the  results  of  ship  motion  theory 
would  also  be  applicable  to  the  case  of  submerged  bodies  In  a 
wave  system.  To  evaluate  the  applicability  of  this  assumption 
model  tests  were  conducted  at  the  Davidson  Laboratory,  Stevens 
Institute  of  Technology,  on  a  submerged,  asymmetrical  finned 
body  at  zero  velocity  when  acted  upon  by  regular  and  Irregular 
long-crested  waves  approaching  the  body  from  various  directions. 
It  is  expected  that  the  results  presented  In  this  paper  would 
serve  the  following  purposes: 

1.  To  describe  the  general  characteristics  of  the  motions 
of  a  submerged  body  and  their  relations  to  the  dis¬ 
turbing  regular  and  Irregular  wave  system. 

2.  To  provide  guidance  and  experimental  data  useful  in 
analytical  solutions  of  motions  of  submerged  bodies. 

3.  Determine  the  extent  of  applicability  of  the  principle 
of  superposition  to  the  study  of  submerged  body  motions 
In  Irregular  seas.  This  principle  states  that  "the 
sum  of  response  of  a  ship  to  a  number  of  simple  sine 
waves  Is  equal  to  the  response  of  the  ship  to  the 

sum  of  the  waves. 

Test  apparatus  and  models  are  considered  first,  then 
results  of  experiments  are  presented,  followed  by  a  discussion 
of  results  and  specific  conclusions.  Although  tests  were 
made  at  various  wave  headings,  only  beam  and  head  sea  results 
are  presented  In  this  paper  since  It  Is  believed  that  these 
headings  best  serve  to  provide  the  Information  consistent  with 
the  objectives  of  this  presentation.  For  the  purposes  of 
generalizing  the  presentation  all  results  are  presented  In 
non-dimensional  form. 
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II 


APPARATUS  AND  TEST  PROCEDURE 


A.  Test  Model  The  test  model  was  an  asymmetric  finned 
body  whose  center  of  gravity  and  pitch  and  roll  Inertias  could 
be  easily  adjusted  by  an  Internal  ballast  arrangement.  Also, 
the  dimensions  of  the  vertical  fin  located  on  the  top  of  the 
body  could  be  adjusted  to  provide  a  desired  positive  metacen- 
trlc  height  and  roll  damping  of  the  body.  The  weight  of  the 
model  was  ballasted  for  neutral  buoyancy  In  the  submerged 
condition  and  for  a  desired  center  of  gravity  position.  A 
simplified  sketch  of  the  test  model  Is  given  In  Fig.  1. 

B.  Test  Apparatus  The  submerged  model  was  supported  on  a 
unique  test  apparatus  which  allows  a  model  to  have  six  degrees 
of  freedom  with  virtually  no  restraints.  This  so-called 
"Davidson  Lab.  Motions  Apparatus"  was  originally  designed  for 
surface  ship  motion  studies  In  oblique  seas  and  was  modified 
to  be  applicable  In  submerged  body  tests.  A  sketch  of  this 
apparatus  Is  given  In  Pig.  2  and  Is  described  In  detail  In 
ref.  5*  Briefly,  the  function  of  the  motions  apparatus  Is  to 
follow  (by  means  of  servo-control)  the  model  continuously  and 
to  provide  a  meauis  of  recording  the  six  components  of  motion 
with  a  minimum  of  restraint.  The  vertical  support  post  of 
the  motions  apparatus  was  connected  to  the  center  of  gravity 

of  the  submerged  model  through  a  special  low  friction  universal 
pivot  which  allowed  the  model  to  have  freedom  In  pitch  and 
roll.  Freedom  In  heave  and  yaw  was  provided  by  the  free 
moment  of  the  vertical  rod  while  freedom  In  surge  emd  swsiy 
were  provided  by  the  servo-mechanism  on  the  support  carriage. 
The  vertical  support  rod  was  of  small  diameter,  thin  walled, 
emd  free  flooding  In  order  to  provide  a  minimum  heave  restor¬ 
ing  force. 


C.  Test  Procedure  The  model  was  set  at  a  prescribed 
Initial  heading  and  submerged  In  smooth  water.  The  desired 
regular  or  Irregular  wave  system  was  then  passed  over  the 
submerged  model  and  time  histories  of  the  six  components  of 
model  motions  and  the  surface  wave  profile  at  the  center  of 
gravity  were  recorded.  Tests  were  first  made  In  regular 
long-crested  waves  of  various  heights  and  lengths  In  order 
to  establish  the  response  amplitude  operators  of  the  model. 
Tests  were  then  made  In  Irregular  waves  whose  energy  spectrum 
covered  the  range  of  regular  wave  test  frequencies. 
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III.  RESULTS  AND  DISCUSSION 


A.  Natural  Frequencies  and  Damping  of  Submerged  Model 

The  natural  frequencies  and  damping  characteris¬ 
tics  of  the  model  were  obtained  by  submerging  it  in  smooth 
water  to  a  depth  corresponding  to  the  test  conditions  in 
waves  and  then  applying  an  initial  disturbance  separately  in 
roll  and  in  pitch.  The  time  histories  of  the  resultant  free 
oscillations  were  then  analyzed  to  define  the  natural  periods 
and  damping  characteristics  in  roll  and  pitch.  These  results 
Included,  of  course,  the  hydrodynamic  effects  of  the  entrained 
fluid  masses.  In  all  cases  the  test  submergences  were  deep 
enough  so  that  the  free  water  surface  effects  were  negligible. 
The  envelopes  of  the  roll  amplitude  and  pitch  amplitude  decay 
curves  are  shown  in  Pig.  3.  The  damping  ratio,  ^  ,  is  ob¬ 
tained  by  combining  results  such  as  given  in  Pig.  3  with  the 
natural  frequency  of  the  test  body  in  either  roll  or  pitch. 

It  is  seen  that  for  moderate  angles  of  roll  and  pitch  the 
damping  is  essentially  linear  but  becomes  significantly  non¬ 
linear  for  large  roll  angles.  The  wave  test  conditions  dis¬ 
cussed  in  this  paper  are  confined  to  the  cases  where  the 
angular  motions  of  the  test  model  were  essentially  within  the 
range  of  linear  damping.  The  magnitudes  of  the  roll  and  pitch 
periods  and  damping  ratios  are  functions  of  specific  hull  geo¬ 
metries  and  hence  are  not  defined  in  this  presentation  which 
is  intended  to  be  general  in  its  discussions  and  conclusions. 

B.  Behavior  of  Submerged  Body  in  Regular  Waves 

1.  Beam  Sea  Condition.  When  submerged  in  beam  sea 
conditions  the  only  observable  motions  of  the  test  body  were 
in  heave,  sway,  and  roll — all  of  which  were  oscillatory 
motions  having  a  frequency  equal  to  that  of  the  wave  frequency. 
The  model  heading  remained  constant  in  all  beam  sea  tests. 

The  vectorial  sum  of  the  oscillatory  heave  and  sweiy  motions 
was  essentially  constant  during  this  cyclic  motion  and  was 
equal  to  the  orbital  radius  of  a  wave  particle  at  the  center 
of  gravity  of  the  body.  Pigure  4  is  a  plot  of  the  calculated 
heave  and  sway  motions  compared  with  the  experimental  results. 
The  ordinate  of  the  plot  is  the  ratio  of  the  heave  or  sway 
amplitude  divided  by  the  orbital  radius  of  a  water  particle 
at  a  depth  equal  to  the  submergence  of  the  center  of  gravity. 
The  theoretical  value  of  this  ratio  is  equal  to  1.0.  It  is 
seen  that  the  agreement  between  theory  and  experiment  is 
excellent.  In  effect,  then,  for  a  beam  sea  the  neutrally 
buoyant  submerged  body  orbits  as  a  water  particle  located  at 
its  center  of  gravity  and  hence  its  heave  and  sway  motions 
are  readily  calculated  for  any  wave  height,  wave  length,  and 
depth  of  submergence.  The  maximum  up  heave  occurs  under  a 
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wave  crest  while  the  maximum  sway  displacement  occurs  under 
a  wave  nodal  point.  The  simple  formulation  for  the  orbital 
radius  of  the  combined  oscillatory  heave  and  sway  motion  of 
the  submerged  body  Is: 


r 


a  e 


27rh 


(1) 


where:  r  =  maximum  heave  or  sway  displacement 
a  =  wave  amplitude 

h  =  submergence  of  center  of  gravity 
X  =  wave  length 


The  heave  and  sway  velocities  of  the  submerged  body  were 
also  found  to  be  consistent  with  the  heave  and  sway  velocities 
of  a  water  particle  effectively  located  at  the  center  of 
gravity  of  the  body.  The  formation  for  the  maximum  velocity 
Is  given  by  the  usual  deep  water  wave  equations: 
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=  maximum  vertical  velocity 

=  maximum  horizontal  velocity 

=  wave  number  =  27r/X 

=  wave  celerity  ='/gX/27r 

The  heave  and  sway  motions  and  velocities  of  the  submerged 
body  are  always  in  phase  with  the  water  particles  effectively 
located  at  the  center  of  gravity  of  the  body. 
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Figure  5  presents  a  plot  of  the  roll  amplitude -wave 
amplitude  ratio  versus  ratio  of  wave  frequency  to  natural 
roll  frequency  of  the  submerged  body  In  beam  seas.  It  Is 
seen  that  the  roll  response  curve  is  sharply  "tuned”  at 
wave  frequencies  equal  to  the  roll  frequency.  This  Is  a  typical 
characteristic  of  lightly  damped  systems  such  as  was  the  case 
for  the  present  test  model.  Within  the  roll  angle  rauige  of 
linear  damping,  the  roll  angle  Is  directly  proportional  to 
the  wave  height  for  all  wave  lengths  and  submergences.  Also 
presented  on  Fig.  5  Is  a  plot  of  computed  roll  angle  amplitude 
as  a  function  of  frequency  ratio.  The  computed  curve  is  based 
on  the  following  considerations. 


The  roll  motions  of  the  submerged  body  are  considered  to 
be  the  result  of  the  motions  of  a  damped,  linear,  single 
degree  of  freedom  oscillating  system.  The  hydrodynamic  roll 
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moment  is  proportional  to  the  wave  slope  at  depth  and.  In 
the  absence  of  dynamic  effects,  the  roll  angle  of  the  sub¬ 
merged  body  is  taken  to  be  equal  to  the  effective  wave  slope 
at  a  depth  corresponding  to  the  vertical  distance  of  the 
center  of  the  vertical  fin  below  the  level  water  surface. 
Combining  these  assumptions  with  the  usual  dynamic  amplifica¬ 
tion  factor  for  a  damped,  linear,  single  degree  of  freedom 
oscillating  system  results  in  the  following  expression  for 
the  roll  amplitude  of  a  submerged  body  In  beam  seas. 


e 


where:  9 


n 

<0 


h 


27ra  g-27rh/x 


roll  amplitude 

natural  roll  frequency  of  submerged  body 
wave  frequency 

depth  to  center  of  vertical  fin 
damping  ratio  in  roll 


(3) 


The  results  of  eq.  3  are  also  plotted  In  Pig.  5.  It  is 
seen  that  the  agreement  between  computed  and  experimental 
results  Is  excellent.  This  agreement  confirms  the  assumption 
of  a  linear,  single  degree  of  freedom  system  for  moderate 
roll  angles.  The  assumption  of  the  "effective”  wave  slope 
at  depth  of  vertical  fin  is  somewhat  arbitrary.  However, 
since  the  vertical  fin  Is  primarily  responsible  for  the  roll 
motions  of  an  otherwise  symmetrical  body.  It  Is  believed 
that  the  assumption  Is  reasonable.  For  more  complicated  body 
forms,  the  establishment  of  an  "effective"  depth  will  require 
further  consideration. 


Figure  6  shows  the  effect  of  depth  of  submergence  on  the 
roll  motions  of  a  submerged  body.  It  Is  seen  that  the  roll 
single  Is  attenuated  with  depth  in  accordance  with  the  wave 
exponential  decay  relations  associated  with  deep  water  waves. 
The  variation  In  roll  angle  with  depth  Is  given  by  the  follow¬ 
ing  formulation: 


il 

@2 


-27rh  /x 
e  ^ 

-27rh  /x 
e  2 


(4) 


where:  ^  =  roll  amplitude  at  vertical  depth  of  center  of 

^  fin  equal  to  h^^ 

Q  =  roll  amplitude  at  vertical  depth  of  center  of 
^  fin  equal  to 
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The  points  on  Pig.  5  are  computed  for  a  CO  depth  of  1.5d 
using  eq.  4  eind  the  data  on  the  curve  for  a  CO  depth  of  1.0. 

It  Is  seen  that  the  computed  values  agree  very  well  with  the 
experimental  values  confirming  the  expected  exponential  decay 
with  depth. 

Figure  7  presents  the  phase  relation  between  maximum 
roll  auigle  and  maximum  wave  slope.  The  result  Is  typical  of 
linear,  single  degree  of  freedom,  oscillator  systems.  For 
wave  frequencies  much  less  than  the  roll  frequency,  the  roll 
motion  Is  In  phase  with  the  wave  slope.  At  wave  frequencies 
equal  to  the  roll  frequency,  there  is  a  90**  phase  shift,  l.e., 
the  maximum  roll  of  the  submerged  body  occurs  under  a  crest. 

For  wave  frequencies  much  larger  than  the  roll  frequency  the 
maximum  roll  aingle  Is  l8o“  out  of  phase  with  the  maximum  wave 
slope.  It  can  easily  be  shown  that  the  wave  hydrodynamic 
forces  produce  a  rolling  moment  on  the  submerged  body  which 
Is  In  phase  with  the  wave  slope.  In  all  cases,  the  model 
rolled  at  a  frequency  equal  to  that  of  the  disturbing  regular 
wave  system. 

It  Is  concluded  from  the  previous  discussion  that.  If 
the  system  can  be  assumed  to  be  linear,  all  the  beam  sea 
motions  of  a  submerged  body  at  zero  speed  can  be  simply  obtained 
from  a  knowledge  of  the  natural  roll  frequency  and  damping  of 
the  submerged  body.  These  elemental  characteristics  can 
easily  be  obtained  from  the  time  history  decay  of  the  free 
oscillation  of  the  body  when  subjected  to  an  Impulsive  function. 

2.  Head  Sea  Conditions,  In  head  sea  test  conditions 
the  only  motions  of  the  submerged  model  were  In  heave,  surge 
and  pitch.  In  all  cases  the  motions  were  oscillatory  of 
frequency  equal  to  the  wave  disturbance.  Figure  8  presents  a 
plot  of  the  ratio  of  heave  amplitude  to  orbit  radius  versus 
the  ratio  of  wave  length  to  model  length.  The  orbit  radius  corres¬ 
ponds  to  that  of  a  water  particle  at  a  depth  equal  to  the  CQ 
submergence  of  the  body.  It  Is  seen  that  for  wave  lengths 
less  than  75  percent  of  the  model  length,  the  heave  oscilla¬ 
tions  are  quite  small.  With  Increasing  wave  length-model 
length  ratio  the  heave  oscillations  increase.  For  wave 
lengths  greater  than  approximately  4  times  the  model  length, 
the  heave  amplitude  oscillations  are  equal  to  the  orbital 
radius  of  a  water  particle  at  the  center  of  gravity  of  the 
model.  The  center  of  gravity  motion  of  the  submerged  model 
was  always  In  phase  with  the  wave  system,  l.e.,  the  maximum 
up  motion  always  occurred  when  a  wave  crest  was  over  the 
center  of  gravity. 

Considering  the  pitch  motions  In  head  seas,  the  present 
conditions  of  test  were  such  that  the  test  wave  frequencies 
were  always  larger  than  at  least  twice  the  natural  pitch 
frequency  of  the  submerged  model.  Referring  to  the  dynamics 
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of  simple  linear  oscillator  systems,  then,  the  maximum  pitch 
amplitude  should  be  In  phase  with  the  maximum  wave  elope  since 
the  pitch  moment  forcing  function  Is  l80®  out  of  phase  with 
the  maximum  wave  slope.  Further,  for  such  large  frequency 
ratios,  the  attenuation  effects  for  the  dynamic  system  are 
nearly  constant  over  a  wide  range  of  Imposed  frequencies.  A 
study  of  the  model  test  data  did  Indeed  demonstrate  the  0® 
phase  relation  between  model  pitch  and  wave  slope,  l.e.,  the 
maximum  pitch  of  the  submerged  body  occurred  at  the  time  of 
maximum  wave  slope.  Figure  9  presents  a  plot  of  pitch  ampli¬ 
tude-wave  amplitude  ratio  versus  wave  length-model  length 
ratio.  It  Is  seen  that  the  pitch  motions  first  Increase  as 
the  model  length-body  length  ratio  Is  decreased  from  values 
less  than  5,  and  reach  a  maximum  when  the  wave  length  Is  equal 
to  nearly  twice  the  model  length.  The  pitch  motions  then  de¬ 
crease  rapidly  for  wave  lengths  shorter  than  twice  the  model . length. 
A  comparison  was  made  between  the  maximum  pitch  amplitude  and 
the  "effective"  wave  slope  at  a  depth  corresponding  to  the 
center  of  gravity  submergence  of  the  test  model.  The  effective 
maximum  wave  slope,  a,  at  a  depth,  h.  Is  defined  by; 


a= 


27r 

X 


a 


e 


27Th 

X 


(5) 


The  ratio  a/a  as  a  function  of  wave  length-model  length  ratio 
Is  also  plotted  on  Fig.  9»  It  Is  seen  that  the  computed 
variation  of  a/a  with  wave  length  Is  generally  similar  to  the 
test  results.  Further  It  Is  seen  that  the  experimental  values 
of  the  pitch  angle  are  nearly  equal  to  the  effective  wave 
slope  at  depth  for  wave  lengths  larger  than  twice  the  length 
of  the  test  model,  For  wave  lengths  shorter  than  twice  the 
model  length,  the  pitch  angles  are  much  less  than  computed  by 
Eq,  5»  This  Is  ap  expected  result  since  for  these  short  waves 
the  model  cannot  align  Itself  with  the  maximum  wave  slope. 

For  wave  lengths  much  shorter  than  the  body  length  the  pitch 
ahgle  approaches  zero. 


In  summary,  then:  for  head  sea  operation,  the  pitch  angles 
are  directly  proportional  to  wave  amplitude,  are  attenuated 
with  depth  In  accordance  with  the  usual  exponential  decay 
relation  for  deep  water  waves,  and,  for  wave  lengths  larger 
than  twice  the  body  length,  the  pitch  angles  are  equal  to  the 
effective  wave  slope  at  a  depth  corresponding  to  the  center 
of  gravity  submergence  of  the  body.  Further,  the  pitch  angle 
Is  always  In  phase  with  the  wave  slope  when  the  wave  frequencies 
are  higher  than  the  natural  pitch  frequency  of  the  submerged 
body. 
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c. 


Behavior  of  Submerp;ed  Body  In  Irregular  Waves 


Tests  were  made  in  Irregular,  long-crested  waves 
whose  energy  spectrum  was  designed  to  be  consistent  with  those 
developed  by  Pierson,  Neumann  and  James  In  ref.  6.  The  time 
histories  of  the  Irregular  heave,  roll  and  pitch  motions  in 
beam  and  head  seas  were  measured  and  compared  with  the  calcu¬ 
lated  values  obtained  by  combining  the  response  amplitude 
operators  obtained  In  regular  sea  tests  with  the  spectrum  of 
the  test  irregular  sea. 


1.  Irregular  Long-Crested  Waves  Used  In  Tests. 
theoretical  Irregular  wave  spectrum  Is  given  by: 


where: 


[r(a3)] 

c 

0) 

g 

V 


r  /  \1P  c  -^gVv^co^ 

Is  the  energy  spectrum,  ft^sec 
Is  a  constant  51.6  ft^/sec® 

Is  the  wave  frequency,  rad/sec 
Is  32.2  ft/sec^ 

Is  the  wind  velocity,  ft/sec 


The 

(6) 


The  wave  generator  In  the  test  tank  was  programmed  In  an 
attempt  to  generate  an  irregular  wave  spectrum  corresponding 
to  that  of  Eq.  6.  A  comparison  between  the  computed  spectrum 
and  actual  test  wave  spectrum  is  given  in  Pig.  10.  It  Is 
seen  that  the  actual  test  spectrum  Is  nearly  like  the  computed 
except  for  a  secondary  peak  that  the  test  spectrum  contains 
at  low  frequencies.  For  the  purposes  of  the  following  analyses, 
the  characteristics  of  the  model  test  spectrum  are  used 
throughout.  Also  plotted  on  Fig.  10  are  relative  frequencies 
corresponding  to  maximum  roll  response  operator  and  meuclmum 
pitch  response  operator  obtained  in  the  regular  wave  tests. 

It  Is  seen  that  these  maximum  response  frequencies  were  lower 
than  the  frequency  corresponding  to  maximum  energy  In  the 
Irregular  sea  test  spectrum. 


2.  Experimental  Spectrum  of  Model  Motions.  As  pre¬ 
viously  described,  slmulteuieous  records  were  taken  of  the 
Irregular  surface  wave  pattern  and  the  corresponding  heave, 
pitch,  and  roll  motions  of  the  submerged  body  In  head  and 
beam  seas.  The  automatically  controlled  wave  pattern  produced 
nearly  Identical  wave  conditions  for  all  tests.  The  test 
data  were  automatically  digitized  at  time  intervals  equal  to 
approximately  l/2  of  the  shortest  apparent  period  In  the 
irregular  wave  record.  The  total  length  of  record  analyzed 
was  taken  to  be  consistent  with  the  Davidson  Laboratory 
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standards  on  establishing  confidence  limits  In  spectral 
analysis.  The  spectrum  of  surface  waves  eind  model  motions 
were  obtained  using  the  Tukey  autocorrelation  method^  which 
has  been  programmed  for  numerical  computation  on  the  1620 
digital  computer. 

The  experimental  energy  spectrum  for  heave  and  roll 
motions  In  beam  seas  is  given  In  Fig.  11  and  the  spectrum  for 
heave  and  pitch  motions  In  head  seas  are  given  In  Fig.  12. 
Comparing  these  motion  spectra  with  the  energy  spectra  of  the 
test  wave  (Fig.  lO) ,  It  is  seen  that  the  maximum  energy  In 
roll  and  pitch  motions  occur  at  frequencies  corresponding  to 
those  at  which  the  response  operators  In  roll  and  pitch  are 
a  maximum.  In  both  cases  the  frequency  at  which  maximum 
motions  occur  is  less  than  the  frequency  of  maximum  wave 
energy.  Examining  the  heave  spectrum  In  beaim  and  head  seas 
again  It  Is  seen  that  the  maximum  energy  of  heave  motions 
occurs  at  a  frequency  smaller  than  the  frequency  correspond¬ 
ing  to  maximum  wave  energy.  This  result  Is  consistent  with 
the  characteristics  of  the  heave  response  operator  shown  In 
Pigs.  4  and  8  which  Indicated  large  attenuations  in  the  heave 
motion  at  regular  wave  frequencies  corresponding  to  the  fre¬ 
quency  of  maximum  wave  energy  in  the  test  irregular  sea. 

3.  Computed  Motion  Spectra.  The  principle  of  super¬ 
position  of  component  responses^  Indicates  that  the  spectrum 
of  model  response— as  in  pitch,  heave,  or  roll--can  be  pre¬ 
dicted  if  the  sea  spectrum  and  the  "response  amplitude  opera¬ 
tor"  are  known.  In  the  present  case,  the  sea  spectrum  Is 
defined  In  Pig.  10  while  the  response  operators  In  pitch, 
heave,  and  roll  have  been  found  from  regular  wave  tests.  The 
predicted  energy  spectrum  of  the  motions  In  waves  is  then 
obtained  by  multiplying  the  ordinates  of  the  sea  spectrum 
curve  by  the  ordinates  of  the  model  response  aunplltude 
operator  curve  at  corresponding  frequencies.  The  predicted 
spectra  of  pitch,  heave  and  roll  In  beam  and  head  seas  Is 
also  plotted  In  Figs.  11  and  12.  Agreement  between  computed 
and  experimental  motion  spectra  Is  excellent.  It  Is  concluded 
that,  for  linear  systems,  the  superposition  technique  Is 
equally  applicable  to  the  case  of  submerged  body  motions  as 
It  has  been  shown  to  be  In  the  case  of  surface  ship  motions 
In  Irregular  seas. 


IV.  CONCLUSIONS 


The  following  conclusions  are  presented  as  a  result  of 
Davidson  Laboratory  model  studies  on  the  motions  of  asymmetrical 
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finned  bodies  submerged  In  regular  and  Irregular  beeun  and 
head  seas.  The  conclusions  are  limited  to  the  case  of  linear 
responses  of  the  submerged  body. 


A.  Beam  Seas  (Regular  Waves) 

1.  The  submerged  body  acts  essentially  as  a  water  par¬ 
ticle  orbiting  In  a  radius  equal  to  that  of  a  water  particle 
effectively  located  at  the  center  of  gravity  of  the  submerged 
body. 


2.  The  amplitudes  of  the  heave  and  roll  motions  are 
proportional  to  surface  wave  height  amd  are  attenuated  with 
depth  In  an  exponential  manner  consistent  with  deep  water 
wave  relations. 

3.  The  amplitude  of  the  roll  angle  In  any  wave  Is  equal 
to  the  effective  wave  slope  at  depth  amplified  by  the  usual 
dynamic  relations  of  a  damped,  linear,  single  degree  of  free¬ 
dom  oscillator.  Hence  the  beam  sea  motions  are  completely 
defined  from  a  knowledge  of  the  natural  frequencies  and 
damping . 


4.  For  wave  frequencies  less  than  the  natural  roll  fre¬ 
quency  of  the  submerged  body,  the  maximum  roll  angle  is  In 
phase  with  the  maximum  wave  slope.  For  wave  frequencies 
greater  than  the  natural  roll  frequency,  the  roll  angle  Is 
180“  out  of  phase  with  the  surface  wave  slope. 

5.  All  motions  are  harmonic  of  frequency  equal  to  the 
disturbing  wave  frequency, 

6.  In  beam  seas  the  only  motions  of  the  submerged  body 
are  heave,  roll,  and  sway, 

B.  Head  Seas  (Regular  Waves) 

1.  The  only  motions  of  the  submerged  body  are  pitch, 
heave,  and  surge. 

2.  In  the  present  tests,  the  wave  frequencies  were  always 
much  higher  than  the  natural  pitch  frequency  of  the  submerged 
body.  Hence,  the  heave  and  pitch  motions  of  the  body  were 
always  In  phase  with  the  wave  height  and  wave  slope  respect¬ 
ively. 


3.  For  wave  lengths  larger  than  approximately  4  times 
the  model  length, the  heave  and  surge  motions  of  the  submerged 
body  are  essentially  equal  to  the  motions  of  an  equivalent 
water  particle  at  a  submergence  equivalent  to  the  CQ  position 
of  the  submerged  body. 
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4.  For  wave  lengths  larger  than  approximately  twice  the 
model  length, the  pitch  motions  of  the  submerged  body  are 
equal  to  the  effective  wave  slope  of  the  wave  at  a  submergence 
corresponding  to  the  center  of  gravity  submergence.  The  pitch 
motions  are  reduced  considerably  for  wave  lengths  less  than 
twice  the  model  length. 

5.  The  pitch,  heave,  and  surge  motions  were  directly 
proportional  to  wave  amplitude  and  were  attenuated  with  depth 
In  accordance  with  the  usual  exponential  decay  relation. 


C .  Irregular  Head  and  Beam  Seas 

1.  Results  of  energy  spectrum  analysis  of  wave  and 
motion  records  are  presented  and  applied  to  the  evaluation  of 
the  "principle  of  linear  superposition  of  component  responses." 
It  was  shown  that  the  computed  and  experimentally  obtained 
motion  spectra  In  heave,  roll  and  pitch  were  In  excellent 
agreement. 
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HEAVE  AND  SWAY  MOTIONS  VERSUS  WAVE  FREQUENCY 
REGULAR  BEAM  SEAS 


FIGURE  6.  ROLL  ANGLE  AMPLITUDE  VERSUS  FREQUENCY  RATIO  FOR 
UNIT  WAVE  AMPLITUDE  REGULAR  BEAM  SEAS 
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FIGURE  8. 
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FIGURE  9.  PITCH  ANGLE  AND  EFFECTIVE  WAVE  SLOPE  AT 

DEPTH  VERSUS  WAVE  LENGTH  REGULAR  HEAD  SEAS 


FIGURE  10.  ENERGY  SPECTRUM  IN  IRREGULAR  WAVE  TESTS 


FIGURE  II.  MEASURED  AND  COMPUTED  MOTION  SPECTRA  IN  IRREGULAR  BEAM  SEAS 


FIGURE  12.  MEASURED  AND  COMPUTED  MOTION  SPECTRA  IN  IRREGULAR  HEAD  SEAS 


RESEARCH  ON  HIQH  SPEED  SHIP  FORMS 


Earl  M.  Uram 
Staff  Scientist 
Davidson  Laboratory 
Stevens  Institute  of  Technology 


I .  INTRODUCTION 


In  recent  years  ship  designers  and  hydrodynamlsts  have 
been  directing  Increased  efforts  to  the  problem  of  obtaining 
higher  speeds  for  ships  at  sea.  As  we  know,  there  are  at 
least  two  things  of  major  Interest;  the  horsepower  required 
to  attain  a  given  ship  speed  In  calm  and  rough  waters  and 
the  malntalnance  of  tolerable  ship  motions  at  high  speeds  In 
a  rough  sea.  It  Is  this  latter  requirement  that  most  times 
dictates  speed  limitations  of  small,  high  performance  ships 
In  the  3*000  ton  displacement  class  such  as  destroyers.  It 
Is  well  known  that  the  major  contribution  to  the  calm  water 
horsepower  requirement  for  ships  at  high  speeds  Is  that  re¬ 
quired  to  overcome  wave  making.  Naturally  any  methods  used 
to  reduce  the  wave-making  resistance  of  a  ship  should  not 
adversely  affect  the  ship  motions  and.  If  possible,  should 
tend  to  decrease  the  ship  motions  under  rough  sea  conditions . 
Figure  1  Illustrates  the  directions  taken  In  attempts  to 
develop  high  speed  ship  forms  using  the  destroyer  as  a  basis. 
It  Is  well  known  that  for  a  same  displacement  Just  lengthen¬ 
ing  the  ship  reduces  the  wave-making  resistance  and  gives  the 
ship  somewhat  better  motion  characteristics  at  a  given  speed. 
The  limitations  of  this  approach  are  quite  obvious.  Another 
way  to  achieve  the  higher  speed  Is  to  design  the  hull  so  that 
It  planes  at  the  higher  speeds  thus  making  use  of  the  dynamic 
pressure  available  at  those  speeds.  However,  planing  boats 
suffer  from  severe  motions  even  in  the  lowest  sea  states  and 
are  quite  limited  In  size.  The  next  logical  step  would  be 
to  get  the  ship  out  of  the  water  such  as  Is  done  with  the 
hydrofoil  craft.  Such  craft  have  excellent  horsepower  to 
displacement  characteristics  and  also  have  very  acceptable 
motion  characteristics  In  reasonable  seas  but  their  size 
appears  to  be  quite  limited.  Current  estimations  of  the 
largest-slze  hydrofoil  craft  feasible  are  In  the  vicinity  of 
500  to  1,000  displacement. 
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The  technique  of  reducing  ship  wave  resistance  at  a 
given  speed  by  the  use  of  large  forward  or  aft  bulbs,  or 
combinations  of  the  two,  has  received  much  attention  in 
recent  years.  Work  done  here  at  Davidson  Laboratory  and  by 
Inul^  in  Japan  has  shown  that  this  is  a  successful  means  of 
attenuating  wave  resistance.  However,  attenuation  is 
achieved  only  in  a  narrow  speed  band.  P.  Van  Mater®  of 
Davidson  Laboratory  has  investigated  the  motion  amd  powering 
characteristics  of  a  large  double  bulbed  ship  and  has  found 
that  improvements  in  resistance  as  well  as  pitching  motions 
are  definitely  realized.  However,  detrimental  heave  motion 
characteristics  had  been  Introduced  for  the  particular  model 
used.  This  technique  appears  to  warrant  further  serious  in¬ 
vestigation.  Another  direction  in  reducing  the  motion 
characteristics  in  a  sea  of  a  destroyer  type  hull  is  to  run 
the  conventional  hull  submerged  as  in  the  semi- submerged  ship 
concept  of  Lewis  apd  Odenbret.'*  This  effectively  puts  more 
damping  into  the  system  and  reduces  the  motions.  However, 
as  seen  in  Pig.  2  the  penalty  paid  in  the  horsepower  require¬ 
ment  is  prohibitive. 

Present  nuclear  power  plguits  become  large  and  unaccept¬ 
able  for  the  power  required  in  the  vicinity  of  45  knots  for 
a  ship  displacement  of  the  size  under  consideration.  Keeping 
in  mind  the  desire  to  continue  using  air-breathing  power 
plants,  the  concept  of  operating  a  ship  completely  submerged 
as  a  conventional  submarine  although  offering  the  best  sea- 
keeping  and  horsepower  characteristics  at  reasonably  deep 
depth  will,  at  present,  be  ruled  out.  It  is,  however,  in¬ 
cluded  in  Fig.  2  for  comparison.  The  attenuation  of  wave 
resistance  with  depth  as  well  as  the  reduced  effect  of  the 
surface  characteristics  on  the  motion  of  a  shallow  running 
craft  make  such  a  concept  quite  attractive.  The  horsepower 
requirements  for  several  versions  of  such  craft  are  indicated 
in  Fig.  2.  The  shark  form  suggested  by  Boericke®  with  the 
large  strut  extending  over  almost  the  entire  length  of  the 
ship  is  very  unattractive  from  a  resistance  standpoint  alone. 
However,  reduction  in  the  size  of  the  strut  does  make  the 
shallow  running  submerclble  quite  attractive  from  the  horse¬ 
power  standpoint.  Mandel®  further  encouraged  the  use  of  such 
a  vehicle  in  a  recent  investigation  by  noting  that  a  shallow 
running  submerclble  such  as  item  F  with  a  large  strut  showed 
extremely  good  speed  attenuation  characteristics  under  waves. 
This  type  of  vehicle  also  provides  the  attraction  of  being 
able  to  operate  at  Froude  members,  say,  in  the  vicinity  of  1 
which  could  not  be  achieved  with  a  surface  craft  unless  it 
were  a  planing  design.  At  Froude  numbers  in  this  range  the 
wave  resistance  of  a  submerged  vehicle  running  shallow  is  ex¬ 
tremely  attenuated  and  no  longer  is  the  major  contributing 
factor  in  the  horsepower  requirements. 
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A  most  serious  problem  connected  with  the  semi- submarine 
concept  is  the  fact  that  the  vehicle  has  to  operate  with  very 
limited  depth  excursions  In  order  not  to  broach  the  surface  or 
not  to  submerge  Its  air-breathing  apparatus.  Therefore,  the 
Inherent  stability  and  control  characteristics  of  such  a 
vehicle  at  high  speeds  is  most  Important.  It  Is  apparent 
that  the  semi- submarine  with  a  single  strut  emerging  from  the 
water  for  the  air  supply  Is  a  most  unstable  vehicle  unless 
provided  with  a  very  sophisticated  automatic  control.  During 
the  past  year  at  Davidson  Laboratory  we  have  been  Investigat¬ 
ing  a  configuration  which  should  provide  Inherent  stability 
In  the  craft  In  the  roll,  pitch  and  heave  motions.  Since  a 
drag  penalty  must  be  paid  for  the  surface  piercing  elements 
In  order  to  handle  the  air-breathing  apparatus,  it  Is  pro¬ 
posed  that  this  surface  piercing  element  should  be  a  surface 
piercing  dihedral  hydrofoil  system  large  enough  to  supply  the 
required  air  to  the  engines  but  designed  to  provide  forces 
only  for  control  purposes  rather  than  for  support  of  the 
entire  craft-as  Is  the  case  with  a  hydrofoil  craft.  Figure  3 
is  an  Illustration  of  this  concept  referred  to  as  the  Hydro¬ 
foil-  Semi-  Submarine.  The  remainder  of  this  paper  will  be 
directed  to  the  Investigation  of  this  type  of  craft  conducted 
here  at  Davidson  Laboratory  which  has  been  supported  jointly 
by  the  Bureau  of  Ships  and  the  Office  of  Naval  Research. 


II.  THE  HYDROFOIL  SEMI- SUBMARINE 


The  stability  and  control  characteristics  of  the  en¬ 
visioned  hydrofoil  semi-submarine.  Fig.  3,  are  of  prime  Im¬ 
portance,  since  the  vehicle  must  operate  in  a  very  restricted 
manner  In  the  vertical,  plane.  It  Is  also,  however,  of  major 
Importeince  to  determine  desirable  configuration  characteris¬ 
tics  from  a  power  requirement  standpoint.  An  Initial  study 
was  made  of  streamlined  bodies  of  revolution  In  order  to 
determine  the  resistance  characteristics  relative  to  the  re¬ 
quirements  of  this  particular  study.  That  is,  to  determine, 
for  a  given  displacement,  whether  or  not  there  exists  an 
optimum  fineness  ratio  for  a  body  operating  at  the  antici¬ 
pated  design  speeds  from  the  standpoint  of  horsepower  re¬ 
quired.  It  was  also  of  interest  to  know  whether  available 
air-breathing  power  plants  such  as  the  marine  version  of  the 
aircraft  gas  turbine  could  be  used  to  supply  sufficient  power 
for  such  vehicles.  This  study  Indicated  that  the  wave-making 
resistance  of  such  bodies  moving  near  the  surface  at  Froude 
number  near  unity  can  be  taken  to  be  practically  Independent 
of  the  fineness  ratio  of  the  body.  Also,  the  wave-making 
resistance  coefficient  of  such  streamlined  bodies  in  the 
Froude  number  range  of  interest  Is  approximately  25^  of  their 
frictional  resistance  coefficient.  It  was  therefore  inter- 
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esting  to  look  at  the  effective  horsepower  required  for  such 
bodies  at  deep  submergence  for  varying  fineness  ratio  with 
constant  displacement.  Figure  4  contains  curves  of  the 
specific  horsepower  as  a  function  of  body  length  with  fine¬ 
ness  ratio  and  velocity  as  parameters.  Two  separate  sets  of 
curves  are  shown,  one  for  45-knot  and  one  for  60-knot  speeds. 
The  parameter  for  the  solid  curves  on  the  plot  is  the  fine¬ 
ness  ratio  of  the  body.  Since  the  velocity  is  constant  for 
the  family  of  fineness  ratio  curves  shown  in  each  curve  set, 
it  is  possible  and  informative  to  associate  with  the  length 
variable  a  corresponding  Proude  number  for  that  particular 
velocity.  A  secondary  scale  of  Proude  number  is  Included  in 
the  abscissa  of  the  figure.  It  should  be  kept  in  mind  that 
in  the  Proude  number  range  between  0.8  and  approximately  1.4 
it  is  possible  to  assume  that  the  wave-making  resistance  for 
near  surface  operation  of  a  streamline  body  of  revolution  is 
roughly  of  its  deep  submergence  frictional  coefficient. 

The  dashed  curves  show  constant  displacement  parametric 
curves. 

It  is  apparent  that  for  a  design  displacement  of  3*000 
tons  and  a  design  Proude  number  of  operation  of  1.0  that  there 
is  an  optimum  fineness  ratio  that  one  should  consider  using 
for  a  45  knot  craft:  that  fineness  ratio  being  L/d  of  5«  It 
was  estimated  that  using  an  L/d  of  5  and  accounting  for  the 
additional  resistances  of  the  hydrofoil  system  and  the  stem 
planes  that  the  required  horsepower  for  a  3*000  ton  vehicle 
would  be  in  the  vicinity  of  90*000  horsepower.  It  is  con¬ 
ceivable  that  such  a  horsepower  requirement  could  be  met  by 
a  complex  of  four  converted  aircraft  gas  turbine  engines, 
each  producing  in  the  vicinity  of  30,000  horsepower.  This  is 
in  keeping  with  the  current  state  of  the  art  for  such  power 
plants. 

The  next  part  of  the  study  involved  determining  the  size 
and  position  of  the  main  hydrofoil  system  as  well  as  the 
stern  control  planes  and  their  sizes.  Under  most  conditions, 
it  is  desirable  to  operate  the  craft  with  its  body  axis  in  a 
horizontal  position  for  all  velocities.  It  was  therefore 
necessary  to  detennlne  the  balance  of  the  static  forces  and 
moments  on  the  craft  to  maintain  a  zero-pitch  trim  condition 
at  all  speeds.  It  is  timely  to  recall  at  this  point  that  not 
only  must  the  hydrodynamic  forces  and  moments  generally  ex¬ 
perienced  by  such  a  craft  be  taken  into  account,  but  one  must 
also  include  the  forces  induced  as  a  result  of  the  proximity 
of  the  free  water  surface  to  the  vehicle.  The  craft  is  sub¬ 
jected  to  a  vertical  force  as  well  as  a  pitching  moment  due 
to  the  free  surface  condition.  Pigs.  5  and  6.  As  seen  from 
the  figures,  the  vertical  force  changes  sign  and  magnitude 
depending  upon  the  Proude  number  Involved.  It  also  changes 
magnitude  with  the  depth  of  submergence.  For  a  body  of  the 


Earl  M.  Uram 
-4- 


fineness  ratio  chosen  for  this  configuration,  the  pitch  moment 
is  seen  not  to  change  sign  but,  in  general,  would  change  sign 
at  low  Proude  numbers.  The  pitch  moment,  also.  Is  a  function 
of  Proude  number  and  the  depth  of  submergence  as  indicated  in 
the  figures.  The  static  trim  force  and  moment  equations  were 
programmed  on  a  digital  computer  with  the  output  devised  to 
maintain  zero  trim  and  yield  information  concerning  the  loca¬ 
tion  of  the  main  foil  system,  the  size  of  the  horizontal 
stern  plane  necessary  and  the  amount  of  variable  ballast  that 
the  ship  would  need.  The  configuration  was  selected  so  that 
the  variable  ballast  to  maintain  trim  should  not  exceed 
of  the  boat  displacement.  The  additional  requirement  that 
the  angles  of  the  dihedral  foil  system  and  horizontal  stern 
plane  be  kept  to  a  minimum  was  Imposed  so  as  to  Induce  as 
little  drag  as  possible  from  these  devices. 

It  is  of  Interest  to  note  here  the  configuration  of  the 
stern  planes.  The  horizontal  stern  plane  is  located  off  the 
centerline  -  a  distance  of  one  maximum  body  radius  below  the 
axis  of  the  craft.  This  puts  the  horizontal  stern  plane  out¬ 
side  the  boundary  layer  of  the  ship  which  makes  it  more 
effective  for  its  size  and  takes  advantage  of  the  pitching 
moment  Induced  by  the  drag  on  the  plane. 

It  was  of  further  Interest,  before  proceeding  with  the 
construction  of  a  model  of  this  configuration,  to  investigate 
the  dynamic  stability  of  the  vehicle.  The  pitch  and  heave 
equations  of  motion,  discussed  by  prior  papers  during  this 
symposium,  can  be  put  into  the  form  shown  in  Pig.  7.  The  best 
estimates  in  keeping  with  the  current  state  of  the  art  of  the 
hydrodynamic  forces  and  moments  encountered  and  their  deriva¬ 
tives,  were  Inserted  in  the  equations  after  they  were  pro¬ 
grammed  for  the  analog  computer  at  Davidson  Laboratory.  The 
response  of  the  boat  due  to  an  initial  disturbance  was  deter¬ 
mined.  It  was  found,  as  demonstrated  in  Pig.  8,  that  this 
configuration  when  operating  without  the  Influence  of  a  free 
surface  is  quite  stable  dynamically.  However,  bepause  of  the 
change  in  sign  of  the  vertical  force  at  the  very  iow  Proude 
numbers,  it  is  possible  that  the  vehicle  would  not  be  stable 
if  one  Included  the  free  surface  effects.  Plgure  9  shows  the 
response  of  the  vehicle  one  might  expect  at  the  low  Proude 
number  and  Indicates  that  the  vehicle  is  quite  stable  in 
pitch,  but  because  of  the  unbalance  in  vertical  forces  there 
is  a  net  tendency  of  the  craft  to  broach.  This  can  be  overcome 
by  including  in  the  computer  program  (and  in  the  ship)  a  pro¬ 
portional  control  for  the  stern  planes.  This  study  indicated 
to  us  that  it  was  advisable  to  build  a  model  for  investigation 
which  would  have  stern  plane  control  built  into  it. 

The  final  dimensions  and  characteristics  of  the  craft 
that  was  decided  upon  is  Indicated  in  Table  1.  The  model 
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contains  a  variable  volume  ballast  tank  on  its  centerline 
designed  such  that  ballast  of  the  model  can  be  varied  to 
within  55^  of  the  model  displacement  without  changing  the 
center  of  gravity  of  the  model.  Also  included  In  the  design 
are  stem  planes  that  can  be  servo- controlled  proportional 
to  excursions  in  the  vertical  plane.  The  model,  constructed 
In  the  Davidson  Laboratory  shop,  was  completed  in  April  of 
this  year  and  checked  out  for  testing  by  the  first  week  of 
June. 


The  test  program  incorporates  plans  to  test  the  model 
under  restraint  of  all  degrees  of  freedom  to  determine  the 
forces  and  moment  on  the  ship  in  such  a  manner  to  discern  the 
contributions  from  each  of  the  various  appendages  on  the 
model.  Upon  completion  of  this,  the  craft  will  undergo  tests 
in  motion  studies  to  determine  its  motion  characteristics  in 
calm  seas  and  regular  and  Irregular  ahead  and  following  seas. 
The  Initial  restrained  conditions  tests  of  the  model  were 
completed  last  week  and  I  am  therefore  able  to  present  some 
preliminary  data  which  is  of  considerable  Interest. 

Data  reduced  to  date  are  relative  to  measurements  of 
the  total  resistance  and  EHP  requirements  and  the  vertical 
force.  Figure  10  shows  the  behavior  of  the  vertical  force 
coefficient  versus  the  Proude  nvunber.  The  dashed  curve 
represents  the  vertical  force  coefficient  for  a  spheroid 
with  a  submergence- to- length  ratio  of  0.3*  This  is  equiva¬ 
lent  to  the  centerline  1-1/2  diameters  below  the  surface. 

We  see  that  the  curve  for  the  hyarofoll  semi -submarine 
crosses  the  axis  ( that  is  vertical  force  changes  sign)  much 
before  that  for  the  spheroid  euid  the  coefficient  magnitude 
is  substantially  larger  at  high  Proude  numbers.  Both  the 
deviation  from  a  spheroid  of  the  hull  geometry  and  the  signi¬ 
ficant  hydrofoil  configuration  contribute  to  this  behavior. 
The  hydrofoil  making  a  major  contribution  since  its  Proude 
nximber  is  much  higher  than  the  hull  and  it  is  substantially 
closer  to  the  surface  than  the  hull.  Figure  11  is  the  usual 
calm  water  total  resistance  coefficient  versus  Reynolds 
nvimber  plot  on  which  the  Schoenherr  friction  resistance  curve 
is  also  shown.  In  order  to  estimate  the  effective  horsepower 
required  and  to  extrapolate  this  to  the  Reynolds  number  of 
the  full  scale  ship,  an  increment  of  305^  of  the  Schoenherr 
resistance  of  the  bare  body  was  added  to  account  for  the 
frictional  resistance  of  the  foils,  stern  planes  and  fairing. 
The  resulting  scaled-up  total  resistance  coefficient  is  also 
shown  in  this  figure.  The  dashed  curve  above  the  solid  one 
would  be  the  total  resistauice  coefficient  if  the  residual 
resistance  were  calculated  without  the  30%  allowance  for  the 
appendages.  Figure  12  is  a  compeu?ison  of  the  effective 
horsepower  required  for  the  hydrofoil  semi -submarine  in  calm 
water  with  that  required  by  several  of  the  ship  forms  pre- 
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vlouBly  discussed.  All  information  on  this  figure  Is  taken 
from  experimental  model  data  and  Includes  two  comparable 
destroyers,  the  large  bulb  ship  and  the  seml-submerged  ship. 
We  see  that  the  hydrofoil  semi- submarine,  above  approximately 
30  knots.  Is  substantially  better  than  any  of  the  others  as 
far  as  the  effective  horsepower  Is  concerned.  In  particular, 
at  the  designed  speed  of  45  knots,  the  effective  horsepower 
required  by  the  more  conventional  surface  ships  Is  some  455^ 
more  than  that  required  by  the  hydrofoll-semi-submarlne.  We 
do  notice,  however.  In  the  low  speed  range  between  l8  and  30 
knots,  that  the  hydrofoil- semi- submarine  horsepower  require¬ 
ments  are  larger  than  the  others.  This  is  a  result  of  the 
Froude  numbers  corresponding  to  that  speed  range  being  those 
at  which  this  particular  craft  generates  the  largest  amount 
of  wave  resistance.  It  is  possible,  however,  to  overcome 
this  problem. 

As  part  of  this  investigation,  an  analytical  study  was 
made  In  order  to  determine  methods  by  which  the  wave  resist¬ 
ance  of  such  a  craft  might  be  attenuated  In  any  part  of  the 
Froude  number  range,  especially  in  the  part  where  it  compares 
unfavorably  with  conventional  or  modified  surface  ships. 

Dr.  Pung  Hu  and  Mr.  King  Eng  of  our  laboratory  conducted  this 
part  of  the  analytical  work  by  investigating  the  characteris¬ 
tics  of  spheroids  moving  In  the  proximity  of  a  free  surface. 
They  found  by  perturbing  the  geometry. of  the  body  that  It  is 
possible  to  substantially  reduce  the  wave  resistance  over  a 
rather  large  Froude  number  range. 

Figure  13  shows  a  spheroid  represented  by  a  doublet  dis¬ 
tribution  along  Its  axis.  The  perturbations  of  the  doublet 
distribution  from  the  one  representing  the  spheroid  are  In¬ 
dicated  by  the  various  values  of  the  parameter  A.  The  con¬ 
straint  put  on  the  problem  were  that  the  configuration  must 
have  a  consteuit  volume.  That  is,  the  perturbation  to  the 
doublet  distribution  must  not  contribute  or  detract  from  the 
displacement  of  the  original  body.  The  net  effect  of  the 
perturbation  Is  essentially  to  neck  down  the  body  In  the 
region  of  the  center  of  the  body.  It  was  not  possible  to 
find  a  closed  form  solution  to  the  Integral  containing  the 
doublet  distribution  for  calculating  the  wave  resistance  of 
the  body.  Therefore,  the  problem  was  programmed  for  the 
IBM  1620  computer.  The  results  obtained  relative  to  the 
particular  configuration  we  are  speaking  about  here  are  shown 
In  Figure  l4.  Actually  a  range  of  fineness  ratio  and  depth 
to  length  ratio  was  covered  during  the  study  and  the  behavior 
of  the  wave  resistance  behavior  due  to  these  perturbations 
were  studied  In  a  much  more  complete  manner. 

However,  for  our  purposes,  we  see  In  Fig.  l4  that  the 
wave  resistance  coefficient  versus  Froude  number  plot  for 
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the  original  spheroid  is  the  heavy  line  on  the  figure  and 
the  effect  of  the  perturbations  for  variations  in  the  para¬ 
meter  A  are  shown  with  the  other  curves.  It  is  seen  that 
above  a  Froude  number  of  0.3  a  substantial  reduction  in  the 
wave-making  resistance  of  such  a  body  moving  in  the  proximity 
of  the  surface  is  realizable.  The  reduction  in  many  cases  in 
the  Froude  number  range  between  0*35  and  .5  ia  in  the  vicini¬ 
ty  of  40  to  60^  of  the  resistance.  However,  a  penalty  is 
paid  at  a  lower  Froude  number.  A  Judicious  choice  must  be 
made  of  the  perturbation  parameter  so  that  the  wave  resist¬ 
ance  is  not  unacceptably  Increased  at  particular  Froude 
numbers . 

Figure  15  is  a  photograph  of  the  model  running  in  the 
towing  tank.  One  can  see  the  surface  piercing  hydrofoil  con¬ 
figuration  as  well  as  the  model  (under  water)  and  the  six 
component  balance  used  to  measure  forces  aund  moments.'  It  is 
planned  to  complete  the  constrained  model  tests  and  to  use 
the  force  and  moment  measurements  in  oder  to  get  a  more 
realistic  prediction  of  the  necessary  equilibrium  trim  set¬ 
tings  for  the  ballast  and  hydrofoil  system  for  the  craft 
during  the  contemplated  motion  studies. 
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PROPULSIVE  PERFORMANCE  IN  WAVES 


Prof.ir  J.  Gerritsma 
Delft  Shipbuilding  Laboratory 
Netherlands 


I.  INTRODUCTION. 


The  resistance  increase  of  a  ship,  due  to  seawaves ,  results 
in  many  cases  in  a  considerable  loss  of  speed.  In  general  this 
added  resistance  depends  on  the  dimensions,  the  form  and  the 
weight^distribution  of  the  ship  but  the  quantative  knowledge  of 
resistance  and  propulsion  in  a  seaway  is  still  rather  scarce.  The 
present  conventional  shipform  has  been  developed  by  emperical  me¬ 
thods  in  combination  with  experimental  work  on  shipmodels. 

There  is  no  doubt  that  the  optimum  hullform  for  normal  cargo  and 
passengerships ,  sailing  in  still  water,  is  closely  approximated 
but  with  the  present  state  of  knowledge  a  naval  architect  cannot 
claim  that  his  design  has  an  optimum  propulsive  performance  in 
waves.  It  is  possible  that  also  in  this  respect  the  long  experien¬ 
ce  and  the  practical  insight  of  the  profession  has  led  to  ships 
that  cannot  be  improved  very  much.  In  my  opinion,  however,  a  defi¬ 
nite  answer  to  this  question  cannot  be  given  at  the  moment  because 
systematic  research  in  this  area  started  only  a  few  years  ago. 

Logbook  analysis  and  seakeeping  trials  showed  us  the  order  of 
magnitude  of  the  power  increase  which  is  necessary  to  maintain  a 
certain  ship  speed  in  a  seaway.  In  a  head  sea  and  windforce  5  a 
normal  cargoship  needs  50%  to  60%  extra  power  to  maintain  the  still 
water  speed.  At  windforce  6  the  extra  power  is  approximately  50% 
to  100%.  The  usual  power  reserve  of  a  ship  is  much  smaller  and  in 
these  conditions  the  ship  has  to  travel  with  reduced  speed.  On  the 
North  Atlantic  windforce  5  is  not  an  exception;  in  fact  this  value 
is  exceeded  in  about  50%  of  the  time.  In  moderate  head  seas  a  speed 
loss  of  1  to  5  knots  is  not  unusual  for  normal  cargoships  at  full 
power.  Therefore  the  investigation  of  the  propulsive  performance 
of  a  ship  in  waves  seems  worthwile. 

When  we  limit  ourselves  to  theoretical  work  and  model  experi¬ 
ments  the  research  on  resistance  and  propulsion  of  a  ship  in  waves 
is  mostly  of  recent  date.  Without  being  complete  I  mention  the  in¬ 
vestigations  of  Havelock^,  Hanaoka^,  Maruo3  and  the  model  experi¬ 
ments  carried  out  in  this  country,  Japan,  Great  Britain  and  the 
Netherlands . 

In  particular  the  recent  modeltests  carried  out  at  the 
Wageningen  Seakeeping  Tank  can  be  regarded  as  a  more  systematic 
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approach  to  the  problem,  in  which  the  influence  of  the  shipform 
on  the  resistance  and  power  increase  in  waves  has  been  studied. 

Almost  without  exception  the  experimental  work  has  been  done 
in  regular  waves.  Until  recently  the  relation  between  resistance 
and  power  in  regular  waves  and  in  irregular  waves  was  not  known 
to  the  profession.  In  1957  a  method  was  given  by  Maruo,  to  deter¬ 
mine  the  mean  resistance  increase  of  a  ship  in  irregular  waves 
when  the  resistance  increase  in  regular  wave  components  is  known^. 
Model  experiments  carried  out  in  the  Delft  Towing  Tank  have  shown 
that  Maruo 's  method  can  be  used  with  sufficient  accuracy  to  pre¬ 
dict  the  propulsive  performance  of  a  ship  in  longitudinal  irregu¬ 
lar  waves^.  Some  of  the  results  of  this  investigation  are  the  sub¬ 
ject  of  this  paper. 

The  possibility  to  determine  the  resistance  and  the  power  of 
a  ship  in  a  given  wavespectrum  allows  a  significant  comparison  of 
different  hull  forms.  It  is  known  that  such  a  comparison  based  on 
regular  wavetests  only,  may  be  difficult.  In  regular  head  waves 
of  moderate  height  and  a  length  which  is  approximately  equal  to 
the  length  of  the  ship  the  power  increase  may  be  in  the  order  of 
200%  to  300%.  The  question  of  a  shipowner  how  he  could  use  such 
"unpractical  information"  led  to  our  experimental  investigation. 


II.  RESISTANCE  AND  PROPULSION  IN  REGULAR  WAVES. 


Theory  and  experiments  have  shown  that  the  resistance  increa¬ 
se  of  a  ship  in  waves  is  mainly  due  to  the  heaving  and  pitching 
motions  and  the  phases  of  these  motions  with  respect  to  the  waves. 
Reflection  effects  also  add  to  the  resistance  but  relatively  these 
effects  seem  to  be  small. 

Other  secondary  effects  such  as  steering  resistance  in  obli¬ 
que  waves  and  the  influence  of  a  mean  yawing  angle  in  oblique  wa¬ 
ves  may  be  mentioned  too.  The  increase  in  power  depends  on  the  in¬ 
crease  in  resistance,  the  change  in  propulsive  efficiency  due  to 
the  increased  loading  and  the  influence  of  the  shipmotions  on  the 
operation  of  the  propeller.  With  a  linear  theory  Maruo  found  that 
the  resistance  increase  R^  of  a  mathematical  shipform  can  be  writ¬ 
ten  as  follows  : 

^gr^B^/L 

where  |3  is  the  density  of  the  water,  g  is  the  acceleration  of  gra¬ 
vity,  r  is  the  wave  amplitude,  B  is  the  breadth  and  L  is  the 
length  of  the  ship. 

The  resistance  increase  coefficient  is  given  as  a  function 
of  the  heave  and  pitch  amplitudes  (z^  and'  the  wave  amplitude 

and  the  phases  of  heave  and  pitch  with  respect  to  the  wave(£  , 
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Maruo  found  that  the  resistance  increase  in  waves  is  indepen¬ 
dent  of  the  still  water  resistance*  Furthermore  it  appeared  that 
pitching  motions  are  the  main  cause  for  resistance  increase. 
Reflection  effects,  represented  by  the  coefficient  are  small. 

This  is  illustrated  by  figure  1  which  is  taken  from  Maruo 's  paper. 
For  small  motion  amplitudes  the  reflection  effects  are  relatively 
more  important  but  then  the  absolute  magnitude  of  the  resistance 
increase  is  very  small.  The  same  conclusion  can  be  derived  from 
model  experiments:  in  short  waves  the  motions  and  the  resistance 
increases  are  both  small  even  in  relatively  high  waves. 

The  largest  resistance  is  found  in  the  region  of  pitch  and 
heave  resonance  and  this  region  may  differ  from  that  where  maxi¬ 
mum  motion  amplitudes  occur. 

In  order  to  study  the  various  aspects  of  the  performance  in 
waves  in  more  detail  extensive  model  experiments  were  carried  out 
with  a  7i  feet  model  of  the  "Maasdam",  one  of  the  ships  of  the 
Holland  America  Line  (figure  2).  This  ship  is  145  m  long  and  is 
built  on  conventional  lines  corresponding  to  a  still  water  speed 
of  about  17^  knots.  The  blockcoef ficient  is  0.65  and  the  longitu¬ 
dinal  radius  of  gyration  is  2556  of  the  length.  Resistance  and  pro¬ 
pulsion  tests  were  carried  out  in  still  water  and  in  regular  waves 
of  different  lengths  and  heights.  In  each  wave  condition  the  mean 
values  of  speed,  thrust  and  torque  were  measured  at  constant  revo¬ 
lutions  of  the  propeller.  The  results  for  a  waveheight  equal  to 
the  shiplength  are  shown  in  figure  5»  In  total  six  wavelengths 
were  considered  covering  the  range  X/L  =  0.6  to  X/L  =  1.6. 

It  is  important  to  note  that  the  propulsion  tests  were  car¬ 
ried  out  with  constant  revolutions.  That  means  that  at  a  certain 
speed  the  revolutions  did  not  vary  as  a  result  of  the  varying  pro¬ 
peller  loading  which  is  caused  by  shipmotions  and  wave  action. 
Various  authors  have  proposed  three  alternative  methods  for  propul¬ 
sion  tests  in  waves  namely :  constant  revolutions,  constant  torque 
and  constant  power.  In  each  of  these  cases  an  electronic  control 
of  the  propeller  motor  is  necessary. 

Model  experiments  carried  out  at  the  seakeeping  tank  at 
Wageningen  have  shown  that  within  the  experimental  errors  the 
three  methods  give  the  same  results  with  regard  to  motions  and  pro¬ 
pulsion.  These  results  are  given  in  figure  4,5  The  constant  revo¬ 
lutions  method  was  preferred  for  our  tests  because  of  the  simple 
and  accurate  control  system. 
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The  other  values  such  as  speed,  thrust  and  torque  show  cyclic 
variations  as  a  result  of  the  model  motions  and  the  action  of  the 
waves.  Their  mean  values  are  used  in  the  analysis.  An  impression 
of  the  magnitude  of  the  torque  fluctuations  is  given  in  figure  5» 

A  comparison  with  the  torque  fluctuations  measured  on  board  of  the 
Japanese  cargoship  "Nissei  Maru"  shows  that  the  same  order  of  mag¬ 
nitude  is  found  in  practice^  (  see  figure  6). 

The  fluctuations  of  torque  and  thrust  do  not  have  a  high  cor¬ 
relation  with  the  heaving  and  pitching  motions.  Probably  the  varia¬ 
tion  of  horizontal  flow  in  the  propeller  resulting  from  surging 
and  the  orbital  motion  in  the  waves  is  the  main  cause  for  the  va¬ 
riations  in  torque  and  thrust^.  Unfortunately  the  surging  motions 
were  not  measured  and  therefore  a  further  analysis  of  these  effects 
could  not  be  made. 

The  tests  in  waves  were  analysed  in  the  following  way.  First 
of  all  the  increases  of  resistance,  thrust,  torque  and  revolutions 
with  regard  to  the  still  water  values  were  divided  by  the  squared 
wave  amplitude.  For  resistance  this  seemed  a  logical  approach 
since  theory  has  indicated  that  such  a  resistance  increase  coeffi¬ 
cient  must  be  constant  for  constant  speed  and  wavelength.  The  ex¬ 
perimental  data  confirm  that  this  assumption  is  valid  within  the 
experimental  accuracy  as  shown  in  figure  7  where  the  dimensionless 
resistance  coefficient  is  given  for  one  particular  speed  as  a 


function  of  wavelength.  In  the  same  figure  the  dimensionless  in¬ 
crease  coefficients  for  thrust,  torque,  revolutions  and  power,  as 
introduced  by  Vossers^  are  given  viz: 


2  2 

(9  gr^Bf.  r» 

'  L 


n^D^V 

r»  gr^sf 

'  L 


2  2 

(0  V 
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Obviously  all  the  increases  are  approximately  proportional  to 
the  square  of  the  waveheight.  That  means  that  at  constant  speed 
the  increases  of  thrust,  torque,  revolutions  and  power  must  be  ap¬ 
proximately  proportional  to  the  resistance  increase.  To  investigate 
this  in  more  detail  the  measured  values  of  thrust,  torque,  revolu¬ 
tions  and  power  in  waves  have  been  plotted  in  figure  8  on  a  base 
of  resistance  at  constant  speed.  Also  the  still  water  values  cor¬ 
responding  to  the  self-propulsion  point  of  the  ship  are  indicated 
in  this  figure  and  consequently  the  increase  due  to  the  waves  can 
be  read  off  easily  in  each  case.  In  addition  the  results  of  over¬ 
load  tests  in  still  water  are  given. 
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It  is  clearly  shown  that  the  thrust  and  torque  increase  is 
proportional  to  the  resistance  increase.  With  acceptable  error  the 
same  applies  to  the  increase  of  power  and  revolutions.  Some  re¬ 
marks  may  be  added  to  this  result.  The  thrust  is  related  to  the 
resistance  by  the  well  known  formula: 

R  =  T(1  -  t). 

In  general  the  thrust  deduction  factor  is  not  constant;  it 
depends  on  the  propeller  loading  and  on  the  non-stationnary  ef¬ 
fects  caused  by  the  ship  motions. 

If  constant  propeller  characteristics  in  waves  are  assumed, 
the  analysis  of  the  wake  fraction  and  thrust  deduction  factor  re¬ 
veals  that  their  values  decrease  with  increasing  ship  motions. 

As  a  first  approximation,  however,  an  average  linear  relation  be¬ 
tween  thrust  and  resistance  at  constant  speed  may  be  accepted. 

A  possible  explanation  of  the  almost  linear  relation  between 
resistance  and  torque  could  be  as  follows.  The  propulsive  efficien 
cy  can  be  written  as  follows: 


Vy  ^  1  -  t  ^  ^ 
Z%  Qn  l-'f'  (pCh 


or : 


S  -  2JI  „  1_  - 
Q  -  V  "  1  -  f 


where 


is  the  propeller 


efficiency  and 


7r 


is  the  relative  rota¬ 


tive  efficiency.  At  constant  speed  an  increase  of  resistance  cor¬ 
responds  to  higher  revolutions  and  lower  propeller  efficiency. 
These  two  effects  seem  to  compensate  each  other  and  as  the  varia¬ 
tion  to  the  other  factors  is  relatively  small  the  torque  is  proper 
tional  to  the  resistance  at  constant  speed. 

The  revolutions  are  certainly  not  proportional  to  the  resis¬ 
tance  or  the  thrust.  In  the  usual  range  of  propeller  loading  we 
may  assume  a  linear  relation  between  the  thrust  constant: 


^T  = 


T 

2  4 

n^D 


and  the  advance  coefficient: 


nD  ’ 
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When  thrust  deduction  factor  and  wake  fraction  are  assumed  to  be 
constant  it  follows  that: 

R  =  (1  -  t)T  =  c^n^  +  C2Vn 

The  experiment  shows  however,  that  also  in  this  case  the  in¬ 
crease  of  revolutions  is  approximately  proportional  to  the  resis¬ 
tance  increase  at  constant  speed  and  wavelength.  The  same  applies 
for  the  power  increase.  This  seems  more  or  less  unlogical,  but  the 
combination  of  revolutions  and  torque  appears  to  give  a  slightly 
curved  power  resistance  curve  and  the  straight  line  approximation 
for  the  power  increase  can  be  accepted  as  an  average  solution. 

It  is  remarkable  that  the  still  water  overload  points  plot 
very  well  in  line  with  the  regular  wave  points.  Although  the  indi¬ 
vidual  wave  results  show  some  scatter  it  may  be  concluded  that  the 
average  propulsive  characteristics  are  not  greatly  affected  by  the 
action  of  the  waves. 

Finally  the  influence  of  resonance  is  clearly  demonstrated  in 
figure  9  where  as  an  example  the  thrust  increase  coefficient  for 
various  model  speeds  is  plotted  on  a  base  of  frequency  of  encoun¬ 
ter.  Maximum  values  are  found  in  the  vicinity  of  pitch  and  heave 
resonance . 


III.  RESISTANCE  AND  PROPULSION  IN  IRREGULAR  WAVES. 


According  to  Maruo  the  mean  increase  of  resistance  in  a  given 
wave  spectrum  can  be  determined  when  the  resistance  increase  in 
regular  wave  components  is  known.  The  ordinates  of  the  wave  spec¬ 
trum  Gpj,(lOg)are  related  to  the  amplitudes  of  the  wave 

components  by  the  well  known  formula : 


OJ  du)e 


G^  (CJ  )  dW  = 

r  r  e  e 


i  TiU)  ) 
e 


When  the  resistance  increase  coefficient  for  regular  waves:  — w  is 

given  as  a  function  of  the  frequency  of  encounter  for  constant 
speed  the  mean  increase  of  resistance  is: 
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■  Based  on  the  approximately  linear  relation  between  resistance 
increase  on  the  one  hand  and  the  increase  of  thrust,  revolutions 
and  power  on  the  other  hand,  similar  expressions  are  valid  for 
thrust,  revolutions  and  power.  Figure  10  illustrates  the  procedure 
for  torque:  the  ordinates  of  the  wave  spectrum  and  the  torque  in¬ 
crease  coefficient  are  multiplied  and  the  surface  of  the  resulting 
curve  is  proportional  to  the  mean  increase  of  torque.  It  has  to  be 
remarked  that  the  method  cannot  be  used  to  determine  the  resistan¬ 
ce  increase  coefficients  from  the  mean  resistance  in  irregular 
waves  of  which  the  energy  spectrum  is  known.  In  this  respect  there 
is  a  difference  with  ship  motions  analysis  where  the  concept  of  a 
motion  spectrum  is  used  to  this  purpose. 

Maruo's  method  has  been  confirmed  experimentally  for  torque, 
power  and  revolutions.  This  was  done  as  follows.  In  irregular  long 
crested  head  waves  the  mean  torque  and  the  revolutions  were  measu¬ 
red  for  a  range  of  speeds.  Two  wave  spectra  were  considered:  spec¬ 
trum  1  with  a  significant  wave  height  =  4.15  cm  corresponding 

to  9  feet  full  scale  and  spectrum  2  with  =  6.3  cm  correspon¬ 
ding  with  the  full  scale  value  =  l4  ft.  For  the  same  speed 

range  the  torque  and  the  revolutions  were  predicted  by  using  the 
results  of  the  regular  wave  tests  and  the  measured  wave  spectra. 

A  comparison  of  the  predicted  and  the  directly  measured  values  is 
given  in  figure  11.  Apparently  the  agreement  is  good.  It  should  be 
mentioned  that  in  spectriun  1  a  model  speed  of  1 .04  m/s  corresponds 
approximately  to  the  attainable  ship  speed.  In  spectrum  2  this 
speed  amounts  to  0.95  m/s. 

The  curves  in  figure  11  are  determined  without  using  a  fric¬ 
tion  correction  on  the  propeller  loading.  The  tests  in  regular 
waves  were  carried  out  by  using  the  I.T.T.C.  friction  line  correc¬ 
tion  but  it  appeared  that  this  complication  is  not  necessary  be¬ 
cause,  within  the  experimental  accuracy  the  increase  of  thrust, 
torque  and  revolutions  is  not  influenced  by  the  friction  correc¬ 
tion.  As  the  thrust  dynamometer  was  damaged  during  one  of  the 
first  runs  no  measurements  of  thrust  in  irregular  waves  were  avail¬ 
able  . 
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IV.  ANALYSIS  OF  SERVICE  PERFORMANCE  DATA 


A  large  number  of  service  performance  data  of  the  ship  was 
available.  They  were  collected  on  the  North  Atlantic  route  in  the 
course  of  one  and  a  half  year.  Each  set  of  data  contained  the 
following  observations  and  measurements : 

a) ,  log  speed  of  the  ship 

b) .  wind  velocity  and  wind  direction 

c) .  waveheight  and  wave  direction 

d) .  shaft  horsepower,  measured  with  a  torsionmeter 

e) .  propeller  revolutions 

f) .  course  of  the  ship. 

At  the  beginning  and  at  the  end  of  each  voyage  the  draft  for¬ 
ward  and  aft  was  measured  and  the  displacement  for  each  series  of 
observations  could  be  estimated.  Also  the  results  of  propulsion 
tests  with  a  6  meter  model  in  still  water  were  available.  With  the 
aid  of  these  data  the  tank  horsepower  for  each  specified  condition 
of  the  ship  with  regard  to  speed  and  displacement  could  be  deter¬ 
mined.  The  variation  of  displacement  did  not  exceed  15%  and  there¬ 
fore  it  was  assvuned  that  the  tank  horsepower  at  constant  ship 
speed  varied  as  (displacement )^/5, 

Out  of  the  900  available  sets  of  data,  three  groups  were  se¬ 
lected,  namely: 

1) .  smooth  sea,  no  waves,  light  wind 

2) .  light  sea,  coming  in  on  the  beam,  light  to  moderate  winds 

3) .  waves  on  the  bow,  direction  of  propagation  within  a  sector 

from  30°  starboard  to  30°  port. 

With  the  data  of  group  "1”  the  mean  ship  speed  under  ideal 
conditions  was  determined.  For  all  of  the  data  in  the  groups  1 ,  2 
and  3  the  measured  shaft  horsepower  was  corrected  for  wind  resis¬ 
tance.  The  wind  resistance  can  be  expressed  as: 

R  =  ^  ip  V^A 

w  )  a  r 


where : 

^  =  a  coefficient  depending  on  the  direction  of  the  relative 

wind  and  the  type  of  superstructure. 

=  the  density  of  air 

V^  =  relative  wind  velocity 
A  =  projected  area  above  the  v/aterline. 
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The  power  which  corresponds  to  the  wind  resistance  is: 


P 


w 


*  C  vf  V 
w  r  s 


where  ^  =  the  total  propulsive  efficiency.  The  coefficient  was 

estimated  from  published  windtunnel  experiments  and  the  known  va¬ 
lues  of  A  and  ?  . 

Secondly  a  mean  roughness  allowance  could  be  determined  from 
the  data  of  group  "1"  and  '*2”  where  the  influence  of  the  sea  waves 
on  the  total  resistance  could  be  neglected.  It  could  be  clear  that 
the  roughness  allowance  in  this  particular  case  is  assinned  to  be 
the  difference  between  the  measured  power,  corrected  for  shaft 
friction  (3%)  and  the  sum  of  the  power  allowance  for  wind  and  the 
tank  horsepower.  Due  to  this  definition  it  is  possible  that  our 
"roughness"  allowance  contains  also  a  relatively  small  "correla¬ 
tion"  allowance.  .  .. 

For  each  voyage  the  mean  value  of  i^^ss  a — owance 

been  determined.  (speed) 

This  procedure  is  justified  when  the  roughness  resistance 
varies  as  the  square  of  the  speed.  For  small  variations  of  the 
speed  a  deviation  from  this  assiunption  has  only  a  small  influence 
on  the  final  result.  In  this  way  a  mean  roughness  allowance  could 
be  determined  as  a  function  of  the  ship  speed. 

The  data  of  group  "5"  were  arranged  according  to  the  wave- 
height.  To  begin  with  the  relation  between  the  mean  speed  and  the 
observed  waveheight  was  determined,  see  figure  12.  Then  the  power 
increase  due  to  the  waves  was  found  by  deducting  the  tank  horse¬ 
power  and  the  allowances  for  shaft  friction,  wind  resistance  and 
roughness  from  the  measured  shaft  horsepower.  The  mean  power  in¬ 
crease  due  to  wave  action  as  a  function  of  the  observed  waveheight 
is  shown  in  figure  13.  It  should  be  mentioned  that  in  all  the  ana¬ 
lysed  conditions  approximately  the  full  power  of  the  machinery  was 
used  to  propel  the  ship.  There  was  no  speed  reduction  necessary 
form  the  point  of  view  of  excessive  shipmotions  or  slamming.  To  al¬ 
low  a  comparison  with  the  experimental  results  two  assumptions  of 
a  somewhat  disputable  nature  had  to  be  made ,  viz : 


a) ,  for  the  conditions  under  consideration  the  ship  has  been  mo¬ 

ving  in  irregular  unidirectional  head  seas,  definable  by  the 
Neumann  spectrum  family  , 

b) .  the  observed  waveheight  corresponds  to  the  average  value  of 

the  one-third  highest  waves  of  the  Neumann  spectrum. 


For  five  wind  speeds  up  to  30  knots  the  Neumann  spectra  for 
fully  developed  seas  were  used  to  predict  the  power  increase  at 
sea.  For  that  purpose  the  power  increase  coefficients  derived  from 
the  modeltests  in  regular  waves  were  used.  The  results  are  shown 
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in  figure  l4  where  the  power  increase  are  labelled  with  the  mean 
of  the  one-third  highest  waves.  In  combination  with  the  speed  - 
observed  waveheight  (figure  12)  relation,  the  power  increase  as  a 
function  of  the  waveheight  could  be  determined  as  given  in  figure 
13.  Obviously  the  power  increase  derived  from  the  service  perfor¬ 
mance  data  agrees  very  well  with  the  predicted  values. 

In  figure  15  the  total  horsepower,  consisting  of  tank  horse¬ 
power  and  the  allowances  for  wind,  roughness  and  waves  is  shown  as 
a  function  of  waveheight.  The  total  power  developed  is  independent 
of  the  waveheight.  For  waveheights  exceeding  4  meter  no  reliable 
observations  were  available;  in  this  range  the  speed-waveheight 
curve  was  estimated.  It  is  probable  however,  that  for  higher  waves 
the  speed  has  to  be  reduced  because  of  the  shipmotions. 

It  is  agreed  that  the  two  assumptions  with  regard  to  the  form 
of  the  wave  spectrum  are  of  a  somewhat  arbitrary  nature  and  conse¬ 
quently  not  too  much  value  should  be  attached  to  one  particular 
case.  Very  recently  however,  the  thrust  and  power  in  seawaves  of 
the  British  ship  "V/eather  Reporter"  were  analysed  by  using  a  direct¬ 
ly  measured  sea  state.  It  was  reported  that  the  predictions  agreed 
satisfactorily  with  the  measured  values^. 

The  conclusions  of  the  investigations  may  be  that  a  reliable 
method  for  the  prediction  of  the  propulsive  performance  in  a  given 
sea  state  is  now  available.  The  method  can  be  used  to  compare  the 
performance  of  various  hull  and  propeller  designs  in  specified 
waveconditions . 
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Fig.  4.  Influence  of  propeller  control  on  ship  motions 
and  thrust  Increase  in  regular  waves 


Fig.  5,  Torque  fluctuation  in  regular  waves 
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Fig.  6.  Torque  fluctuation  of  the  "Nissel  Maru**  at  sea  (reference  6) 
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Fig,  9.  Transfer  function  for  thrust  increase 


Fig.  10.  Evaluation  of  mean  increase  of  torque  in  irregular  waves 


BENDING  MOMENTS  IN  EXTREME  WAVES 


by  John  F.  Dalzell 
Head,  Ship  Hydrodynsimlcs  Division 
Davidson  Laboratory 


I .  INTRODUCTION 


"in  order  to  made  possible  the  safe  and  economic  struc¬ 
tural  design  of  larger  and  faster  ships  and  to  provide  greater 
economy  in  conventional  ships,  a  more  rational  method  of 
designing  is  essential."*  A  rational  method  means,  in  part, 
that  all  the  loads  that  can  be  expected  in  service  should  be 
determined  and  combined.  This  project,  sponsored  by  the  Ship 
Structure  Committee,  National  Academy  of  Sclences-Natlonal 
Research  Council,  deals  with  one  of  the  problems  of  loading — 
that  is,  wave  bending  loads.  On  the  basis  of  a  pilot  study 
carried  out  at  DL*  it  was  suggested  that  some  upper  limit  on 
longitudinal  bending  loads  might  exist:  limit  which  is  reached 
prior  to  some  limiting  sea  state.  This  approach  contrasts  to 
that  followed  most  extensively  in  research  on  wave  bending 
moments  and  which  is  of  a  statistical  nature.  This  approach, 
in  principle,  recognizes  the  possibility  that  wave  bending 
loads  and  wave  heights  may  achieve  any  value. 

The  project  at  hand  was  initiated  to  study  the  midship 
bending  moments  experienced  by  ship  models  in  head  and  follow¬ 
ing  waves  of  extreme  steepness.  The  investigation  was  to 
Include  a  range  of  wave  lengths,  wave  heights  up  to  the  maxi¬ 
mum  possible  wave  height,  and  moderate  heading  and  speed 
variations.  A  study  was  to  be  made  of  the  effect  on  midship 
bending  moments  of  weight  distribution  variation  and  freeboard 
variation,  for  a  conventional  merchant  ship  type.  Also,  two 
additional  ship  types  were  to  be  studied.  It  was  felt  that 


Lewis,  E.  V.  and  Gerard,  G.:  "A  Long  Range  Program  in  Ship 
Structural  Design, "  Ship  Structure  Committee  Report  SSC-124, 
National  Academy  of  Science-National  Research  Council,  1959. 
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such  a  program  would  Indicate  whether  or  not  an  upper  limit 
existed  in  general  on  wave  bending  moments  before  the  limiting 
wave  steepness  occurred. 


II .  MODELS 


At  the  outset  of  the  investigation  it  was  determined 
that  as  much  change  as  possible  in  model  variables  was  to  be 
made  to  avoid  the  chance  of  submerging  differences  in  the 
large  scatter  of  data  which  would  result  from  tests  in  extreme 
waves.  Table  I  summarizes  the  characteristics  of  all  the 
models  tested.  The  ship  selected  for  the  merchant  ship  model 
was  the  Mariner,  which  represents  good  current  practice  in 
merchant  ship  design.  On  this  model  various  changes  were 
made  to  study  the  effect  of  weight  distribution,  and  the 
effect  of  freeboard  on  the  extreme  bending  moments. 

The  first  column  of  Table  I  shows  the  characteristics  of 
the  Mariner  design;  the  second  column  shows  the  characteristics 
of  the  Mariner  with  as  much  weight  as  possible  shifted  to 
midships  (cargo  .  The  third  column  of  the  table  shows  the 
Mariner  with  as  much  weight  as  possible  shifted  to  the  ends 
(cargo  at  ends).  The  weight  distribution  comparison  between 
the  Mariner,  Mariner  with  cargo  at  midships,  and  Mariner  with 
cargo  at  ends,  is  shown  at  the  bottom  of  Fig.  1. 

The  second  major  variation  on  the  Mariner  was  that  of  a 
radical  Increase  in  freeboard.  The  characteristics  of  the 
Mariner  with  Increased  freeboard  are  shown  in  the  fourth 
column  of  Table  I.  The  weight  distribution  for  the  model 
with  Increased  freeboard  was  kept  the  same  as  that  of  the 
parent  or  original  Mariner.  Thus  the  first  four  models  in 
Table  I  comprise  an  investigation  of  the  effect  of  freeboard 
and  the  effect  of  weight  distribution  on  one  ship  type. 

Two  other  models  were  also  selected  to  investigate  the 
effect  of  ship  type.  These  were  a  giant  tanker  design  (shown 
in  the  fifth  column  of  Table  l),  and  a  destroyer  design 
(shown  in  the  last  column).  The  ship  type  investigation  thus 
comprises  the  Mariner  with  a  block  coefficient  of  .61  and  a 
displacement  length  ratio  of  l40;  the  destroyer  with  a  block 
coefficient  of  .55,  displacement  length  ratio  of  60;  and  the 
giant  tanker  with  a  block  coefficient  of  .80  and  displacement 
length  ratio  of  I70.  Weight  distribution  curves  for  the 
tanker,  the  Mariner  and  the  destroyer  are  shown  at  the  top  of 
Figure  1.  All  curves  are  plotted  for  ship  or  models  of  the 
same  length. 
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TABLE  I  -  MODEL  CHARACTERISTICS 


III.  INSTRUMENTATION 


The  method  used  to  measure  bending  moment  was  that  used 
previously  at  DL:  wooden  models,  split  In  half  and  connected 
only  by  a  balance  capable  of  yielding  a  signal  proportional 
to  the  bending  moment.  The  models  were  towed  on  an  apparatus 
In  Tank  No.  3  (300  x  12  x  6  ft)  and  allowed  freedom  In  pitch, 
heave  and  surge.  Roll,  sway  and  yaw  motions  were  restrained. 
Records  obtained  were  of  midship  bending  moment,  pitch,  heave 
and  wave  elevation  ahead  of  the  model . 


IV.  TEST  PROGRAM 


Each  model  was  tested  In  five  wave  lengths,  ranging  In 
length  from  half  the  model  length  to  1-3/^  Its  length.  The 
wave  heights  for  each  wave  length  were  varied  from  approxi¬ 
mately  (x/30)  up  to  the  maximum  obtainable,  which  generally 
ranged  between  ( x/ll  and  x/8) .  Pour  or  five  wave  heights 
were  used  with  each  wave  length.  The  test  program  Included 
five  speed-heading  combinations,  as  follows: 

1.  head  seas,  forward  speed  at  a  Proude  No.  of  about  .13# 

2.  head  seas,  zero  speed, 

3.  head  seas,  drifting  astern  at  the  speed  produced  by 
the  highest  wave  generated  for  each  wave  length, 

4.  following  seas,  zero  speed,  and 

5.  following  seas,  a  forward  speed  corresponding  to  about 
twice  the  astern  drifting  speed  obtained  In  that  case 
In  head  seas. 

The  total  program  Including  all  models,  wave  lengths,  wave 
heights,  and  all  speed-heading  combinations  for  each  model 
consisted  of  some  65O  good  runs. 


V.  DATA  REDUCTION 


The  average  amplitudes  of  wave,  pitch,  heave  and  midship 
bending  moment  for  each  model  In  each  test  were  calculated  by 
measuring  maxima  and  minima  of  between  10  and  18  moment  and  mo¬ 
tion  cycles'  on  the  oscillograph  records.  These  were  averaged  and 
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converted  to  non-dimensional  form.  Notation  and  details  on 
the  non-dlmenslonallzlng  are  In  the  Appendix.  Because  the 
resulting  data  made  up  about  600  plots  of  response  vs .  wave 
steepness,  curves  were  fitted  to  the  experimental  points  by  a 
computer  In  order  to  avoid  subjectivity  In  fairing  of  the 
data.  The  form  of  equation  used  to  fit  all  of  the  data  was 

Y  -  a(i)  + 

where,  N  =  2,  3  or  ^according  to  which  yielded  the  least 
mean  square  error) 

h/X  =  wave  steepness 

X  =  wave  length 

Y  =  average  amplitude  of  response. 

Sample  basic  test  results  are  shown  (Figs.  2  to  4)  with  the 
resulting  fitted  curves.  Sagging  moment  and  pitch  amplitudes 
are  plotted  above  the  middle  axis  of  each  plot,  hogging 
moment  and  heave  below. 


VI.  PLOTS  OP  FITTED  CURVES 


Figures  5  through  10  show  plots  of  faired  mean  bending 
moments  and  motions  amplitudes  for  the  parent  Mariner  model 
only.  These  are  shown  as  functions  of  wave  steepness  for 
various  wave  lengths.  Numbers  shown  on  the  plot  signify  the 
wave  length  to  ship  length  ratio.  The  first  set  of  two  plots 
Is  for  head  seas  at  forward  speeds,  the  second  set  for  head 
seas  at  zero  speed,  and  the  third  set  for  head  seas  drifting 
astern.  The  static  calculations  Indicated  on  the  bending 
moment  plots  with  the  notation  *'l/20  Static"  etc.,  are  for  the 
static  calculation  In  a  l.OL  wave  of  height  noted  and  do  not 
Include  Smith  effect.  The  scales  at  the  right  of  the  plot 
labeled  Mha  Maa  scales  of  absolute  bending  moment. 

This  Is  simply  the  wave  bending  moment  scale  translated  In 
the  proper  direction  to  account  for  the  still  water  bending 
moment . 

It  Is  Interesting  to  note  from  the  plots  of  the  bending 
moments  that  moments  exceeding  the  l/20  static  calculation 
were  measured  In  all  three  cases  shown.  These  occurred 
primarily  In  the  longer  wave  lengths  at  wave  steepnesses  above 
about  l/l2th.  This  observation  holds  equally  well  for  all 
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other  models  and  variations  tested.  It  is  also  interesting 
to  note  that  no  consistent  indication  of  an  upper  bound  is 
shown.  In  Fig.  7,  for  example,  for  bending  moments,  the  line 
for  the  sagging  moment  in  a  1.25L  wave  shows  considerable 
curvature  and  tends  to  flatten  out  at  about  a  wave  steepness 
of  l/lOth.  Similar  trends  on  the  same  figure  can  be  noted 
for  hogging  moments  in  the  longer  waves.  Considering  all 
models  tested,  no  consistent  indication  has  so  far  been  found 
of  an  upper  bound  on  wave  bending  moments  reached  prior  to 
a  limiting  wave  steepness.  For  the  same  model,  indications 
of  an  upper  bound  are  found  in  some  wave  lengths  and  not  in 
others. 


VII.  CROSS  PLOTS  OF  BENDING  MOMENTS  AND  MOTIONS  DATA 


Figures  11  to  22  are  cross-plots  of  faired  bending  moment 
motlcns  data  for  a  wave  steepness  of  l/lOth.  Bending  moments 
and  motions  are  plotted  as  functions  of  wave  length  for  all 
six  models.  Figures  11  through  l4  show  results  for  head  seas 
at  forward  speed;  Figs.  15  through  l8  show  results  for  head 
seas  at  zero  speed;  and  Figs.  19  through  22  show  results  for 
head  seas  drifting  astern.  The  vertical  scales  on  these 
figures  are  similar  to  those  preceedlng;  all  bending  moments 
are  in  non-dlmenslonallzed  form  as  are  the  heaving  amplitudes. 
Where  possible,  L/20  static  calculations  are  shown.  The 
vertical  scales  on  the  right-hand  side  of  the  bending  moment 
figures  show  the  zeros  for  the  absolute  bending  moment  scale. 
Thus  it  is  seen  in  Fig.  11,  for  example,  that  the  Mariner 
with  cargo  amidships  case  in  waves  of  steepness  of  l/lOth  has 
bending  moments  which  are  always  sagging,  whereas  for  the  cargo- 
at-ends  case,  bending  moments  are  always  hogging.  It  can  be 
noted  at  this  point  that  for  waves  of  steepness  ratio  of  l/lOth 
a  Froude  No.  of  around  .13  is  an  extremely  high  speed,  and  in 
fact  it  is  estimated  that  none  of  the  models  tested  could 
maintain  this  speed  with  the  power  normally  Installed  in  the 
full  scale  ships. 

Because  the  realism  or  validity  of  the  tests  in  head 
seas  at  forward  speeds  could  be  questioned,  the  following 
remarks  on  the  effects  of  variations  in  model  parameters  on 
extreme  moments  are  confined  to  the  results  at  zero  and  the 
drifting  speed. 

1.  Weight  Distribution  Investigation.  When  weight  is 
shifted  toward  amidships,  it  appears  that  the  result  is  higher 
bending  moment  amplitudes  and  lower  pitching  amplitudes  than 
those  of  the  parent  model.  Conversely,  shifting  weight  to  the 
ends  of  the  model  results  in  lower  bending  moments  and 
larger  pitching  amplitudes  (See  Figs.  15,  17,  19^  21). 
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2.  Freeboard  Investigation.  Motion  amplitudes  appear 
to  be  approximately  the  same  in  both  the  high  freeboard  model 
and  the  parent  model.  However,  some  difference  In  bending 
moments  Is  seen;  that  Is,  the  same  or  lower  hogging  moments 
and  perhaps  somewhat  greater  sagging  moments  than  experienced 
by  the  parent  model. 

3«  Ship  Type  Investigation,  The  non-dlmenslonallzed 
moment  amplitudes  generally  seem  to  Increase  In  this  order: 
destroyer.  Mariner,  tanker — although  some  exceptions  to  this 
progression  are  shown.  The  hogging  and  sagging  bending  moment 
amplitudes  as  experienced  for  the  destroyer  and  the  Mariner, 
and  the  sagging  amplitude  for  the  tanker  are  similar  In 
magnitude.  The  hogging  moments  for  the  tanker,  however,  are 
notlcably  larger  than  those  of  either  Mariner  or  destroyer. 
This  large  hogging  moment  In  the  tanker  probably  does  not 
have  much  significance  because  the  still  water  bending  moment 
of  the  tanker  Is  a  hogging  moment  (see  Fig.  l6,  f or  example), 
and  the  controlling  design  moment  for  the  tanker  would  very 
likely  be  a  sagging  moment. 

No  final  conclusions  have  been  drawn  at  present  concern¬ 
ing  the  effect  of  weight  distribution  or  model  type  but  It 
has  been  shown  that  the  variation  of  weight  distribution  is  at 
least  of  equal  Importance  as  details  of  hull  form.  Within 
the  same  ship,  radical  variations  of  the  distribution  of 
weights  can  produce  as  wide  a  variation  in  wave  bending  moments 
as  experienced  by  ships  of  quite  different  form. 


VIII.  FINAL  REMARKS 


It  appears  that  an  upper  limit  to  wave  bending  moments— 
conslderlng  all  possible  combinations  of  variables  Investlgated- 
wlll  probably  be  dictated,  in  general,  by  the  heights  of  the 
waves.  When  the  waves  reach  a  physical  upper  limit,  bending 
moments  will  also  do  so.  Also,  wave  bending  moments  exceed¬ 
ing  the  L/20  standard  static  calculation  values  were  quite 
commonly  measured  In  the  experiments. 
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APPENDIX:  NOTES  ON  FIGURES  AND  NON-DIMENSIONALIZING 


1.  Bending  Moment  Amplitudes: 

All  results  are  presented  as  non-dlmenslnnal  bending 
moment  coefficients: 

_  Bending  Moment 
Pg  L®B 

where,  pg  =  weight  density  of  water 
L  =  model  length  (LBP) 

B  =  majclmum  model  beam 

The  symbols  Ps  and  pjj  stand  for  wave  sagging  and  hogging 
moment  coefficients  respectively.  The  condition  Mg  “  ® 

corresponds  to  the  midship  moment  existing  In  the  model 
afloat  In  calm  water. 

The  symbols  and  stand  for  "absolute"  sagging  and 
hogging  moment  coefficients  respectively.  Scales  of  and 
MHA  were  obtained  by  translating  the  origin  of  the  Pg  -  Pjj 
scales  by  the  calculated  bending  moment  In  still  water. 

These  scales  have  the  frame  of  reference  ordinarily  used 
In  design. 

2.  Motion  Amplitudes: 

The  symbol  {2Qq)  or  (20)  stands  for  the  double  amplitude 
of  pitch  In  degrees. 

The  symbol  2Zo/l  Is  a  non-dimenslonalized  heaving  double 
amplitude. 

3.  Wave  Lengths  and  Steepness: 

Wave  length  (x)  Is  expressed  as  wave  length  to  ship 
length  ratio,  (x/l)  times  (L). 

Wave  steepness  Is  expressed  as  the  wave  height  to  length 

ratio  (hA). 

4.  Heading: 

In  accordance  with  the  usual  towing  tank  convention, 
head  and  following  seas  are  denoted  by  heading  angles  of 
l8o“  and  0°  respectively. 
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5.  Speeds! 


The  standard  test  program  Included  five  speed-heading 
combinations: 

Head  seas  (l80®) 

1.  forward  speed:  l/\f^  about  .13  "t-Ol 

2.  zero  speed 

3.  drifting  backwards  at  the  speed  produced  by 

the  highest  wave  generated  for  each  wave  length. 

Following  seas  (o“) 

1.  zero  speed 

2.  forward  speed  corresponding  to  about  twice  the 
drifting  speed  In  3  above. 

All  speeds  quoted  In  the  figures  are  In  terms  of  Proude 
number.  Table  II  gives  the  conversions  of  the  Proude  numbers 
quoted  In  the  figures  to  speed- length  ratio  and  knots  for  a 
500-foot  ship. 


TABLE  II  -  SPEED  CONVERSION 


Heading 


vZ-^gL 


Knots  for  500-ft 
ship  (approx.) 


180“ 

0.12 

to 

.14 

.40 

to 

.47 

9.0 

to 

11 

00 

o 

o 

0.0 

0.0 

0 

180“ 

-  .08 

to 

-.15 

-.27 

to 

-.50 

-6 

to 

-11 

0“ 

0.0 

0.0 

0 

0“ 

.16 

to 

.26 

.54 

to 

00 

12 

to 

20 

The  rather  wide  speed  ranges  shov^n  for  the  drifting  and 
high  speed  following-sea  cases  In  Table  II  are  a  consequence 
of  the  test  speed  being  dependent  on  wave  length.  Once  the 
drifting  speed  In  the  highest  wave  for  each  wave  length  was 
established,  test  Proude  numbers  In  less  steep  waves  were 
held  within  t,02  or  about  ±2  knots  for  a  500-foot  ship. 
Differences  In  drifting  speed  for  different  models  In  the 
same  wave  length  were  within  the  test  tolerance  above. 
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The  actual  speed  ranges  obtained  In  each  wave  length  are 
tabulated  In  Table  III. 


TABLE  III  -  SPEED  RANGES,  ALL  MODELS 


Heading,  l8o° 

Condition  Forward  Speed 


180“, 

Drifting 


0°, Forward  Speed 
About  twice 
the  Drift  Speed 


x/L  =  0.75 

V//gt  =  .12 

to  .14 

-.08  to 

-.12 

.  l6 

to  .20 

1.00 

V/v/gL  =  .12 

to  .14 

-.10  to 

-.14 

.19 

to  .23 

1.25 

V/y/iL  =  .12 

to  .14 

-.11  to 

-.15 

.22 

to  .26 

1.50 

V/^gL  =  .12 

to  .14 

-.11  to 

-.15 

.21 

to  .25 

1.75 

V/y/iT  =  .12 

to  .14 

-.10  to 

-.14 

.19 

to  .23 

6.  Static  Calculations: 


All  available  results  of  static  bending  moment  calcula¬ 
tions  are  plotted  In  the  applicable  figures  with  the  notation 
"l/20  Static,"  "L/lO  Static,"  etc. 


All  results  are  for  the  static  calculation  In  a  l.OL 
wave  of  height  noted  and  do  not  Include  Smith  effect. 


Notes  for  Figures  5  to  10: 


The  labels  on  each  mean  line  refer  to  wave  length. 

Only  the  points  for  the  sagging  static  calculation  are 
labeled,  results  for  the  hogging  calculation  are  plotted  In 
the  same  manner. 

No  hogging  calculation  for  the  large  tanker  was  available. 


Dalzell 

-10- 


I  \  I  \  i  i  \  i  I  I  I  i  \  ^  \  \ 

WEIGHT  DISTRIBUTIONS 


WEIGHT  DISTRIBUTIONS 


FIGURE  1 


Dalzell 


Dalzell 


model:  Z2SI  A- VI  test  cRoiiP  /-finloo 

WAVE  length: _ ItQQ  l  model  heading-  ISO* 

APPROX.  MODEL  SPEED!  v/ygU*  O'O _ 
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Monp-L  2130  test  group: 

WAVE  LENGTH ;  _A25L  L  MODEL  HEADING!  f  90* 
APPROX.  MODEL  SPEED!  v =  <?»  giiZl _ 


FIGURE  4 
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I^ODEL ;  225IA-VI.  MARINER 


MODEL  heading;. 


ISO* 


APPROX.  MODEL  SPEED  :  v/VgU-  012  TO  014 


FIGURE  5 


Dalzell 


.00  I  • 


.0000 


CftOCS  PLOT  OF  FAtKCO  BENDING  MOMENTS 

MARINER  VARIATIONS 
VMAVE  HT.  I/IO  LENGTH  HEAOMG  ISO* 
SPEED*  VA/gT  •  0.12  TO  0.14 


CAROO  ■ 

CAROO  AT  CMOS 


L/tO 

•TaTIC 


•HlttM  no. 


•  MRCNT 


CAROO  AT 

CNOO 


1.00  140 

X/L 


■MISN  foo. 


RARIMT, 

moN  roo. 


L/ao 

OTATIC 


0000 


> 


•FARC  NT 


CAROO  AT  CNOS 


CAROO  O 


CAROO  O 


00  I  OA 


FIGURE  II 
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J _ I  I 

0.7«  1.00  I.t5 

X/L 


FIGURE  12 
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2  8»  , DCSRees 


CROSS  PLOT  OF  FAIRED  MOTIONS 
WAVE  HT.  i/IO  LENGTH  HEADING  180* 
ZERO  SPEED 


] _ L 

7S  1.00 


1.28 

X/L 


± 

140 


FIGURE  18 
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•  ''•W  MOJ  tOMlZ 


STATIC 

MAR. 


CROSS  PLOT  OF  FAIRED  MOTIONS 
WAVE  HT.  I/IO  LENGTH  HEADING  ISO* 
SPEED'  VA/flC"  •  -.08  TO  -.18  (DRIFTING) 


FIGURE  22. 

Dalzell 


TRENDS  OF  BENDING  MOMENTS  IN  IRREGULAR  WAVES 


Edward  V.Lawis 
Aaslatant  to  Prasldent 
Wabb  Inatituta  of  Naval  Architactura 
Gian  Cova,  Now  York 


I.  INTRODUCTION 


A  graat  daal  of  raaeareh  has  bean  done  in  recent 
years  on  the  problem  of  wave-induced  longitudinal  banding 
oKKnents  on  a  ship's  hull.  By  naans  of  full -seals  strain 
naasuremants  t  nodel  tasts,  aiid  theoretical  developnants  the 
affects  of  ship  and  wave  motions  have  been  clarified.  But 
the  incoopleteness  of  our  knowledge  of  the  sea.  particular¬ 
ly  under  severe  storm  conditions »  has  preventaa  the  new 
knowledge  Iron  being  applied  directly  to  the  design  of 
ship  structures  or  to  the  establishnant  of  nora  raticmal 
strength  standards. 

Meanwhile,  the  basis  for  design  resuiins  a  standard 
banding  nomant  calculation  for  the  ship  poised  statically 
on  a  wave  of  its  own  length*  Wave  height  and  allowable 
•trass  are  dataminad  on  an  aapirical  basis,  in  order  to 
allow  for  the  affects  of  ship  size  and  other  character¬ 
istics. 

Such  a  ssni-anpirical  design  procedure  would 
undoubtedly  be  satisfactory  if  there  «rere  no  change  in  the 
size  and  speed  of  ships*  But  there  has  been  a  resMrkable 
tread  in  recent  years  toward  larger  tankers  and  bulk  cargo 
carriers,  and  the  end  is  not  in  sight*  Mot  only  are 
waves  of  the  length  of  these  large  ships  less  fre<iuent, 
but  their  heights  are  known  to  be  generally  not  so  great  as 
those  of  shorter  waves*  Sons  reduction  in  design  wave 
height  therefore  seems  pemissible,  but  the  question  is, 
how  much?  As  stated  Mr.  David  F*  Brown,  Chairman 
of  the  Board,  American  Bureau  of  Shipping,  in  his  half- 
yearly  statement  of  July,  1961,  "there  still  remains  the 
very  important  question  as  to  the  degree  to  which  recogni¬ 
tion  may  be  given  to  what  might  be  termed  the  diminishing 
relative  severity  of  storm  conditions  as  the  sizes  of 
ships  increase." 
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At  the  eane  tine  naval  and  eancral  cargo  shlpa  have 
shown  a  continuing  upward  trend  in  speed,  without  the 
spectacular  size  increases  noted  for  the  bulk  cargo  ships* 
Questions  have  been  raised  as  to  the  effect  of  speed  itself 
on  the  wave  bending  moments,  as  well  as  to  the  influence  of 
the  finer  form  coefficients  which  accompany  the  higher 
speeds*  Some  of  the  classification  societies  now  take 
block  coefficient  into  account  in  their  strength  standards* 

In  Mr.  Brown's  report,  he  added:  "The  development 
of  new  facilities  for  model  testing  in  wavemaking  tanks 
and  of  instrumentation  to  be  applied  to  ships  at  sea  is 
providing  increasing  opportunities  to  obtain  information  on 
these  vexatious  problems."  It  is  the  purpose  here  to 
describe  initial  results  in  a  project  at  Webb  Institute  of 
Naval  Architecture,  sponsored  by  the  American  Bureau  of 
Shipping,  to  make  use  of  model  test  results  to  predict 
trends  of  bending  moments  on  ships  in  realistic  irregular 
seas.  Variables  to  be  considered  in  the  study  are 
severity  of  the  sea,  size  of  ship,  speed,  heading,  and 
fullness.  However,  this  discussion  «d.ll  deal  mainly  with 
the  effect  of  ship  size,  since  this  is  the  only  variable 
studied  at  the  time  of  this  Seminar.  A  tanker  type  hull 
of  0.80  block  coefficient  series  60  form  is  considered,  at 
a  speed-length  ratio  of  0.675  and  Froude  No.  >  0.20  (16% 
knots  for  a  600-ft*  ship)  heading  directly  into  one  severe 
storm  sea.  No  attempt  is  made  to  determine  the  maximum 
possible  bending  moment  that  might  be  experienced  at  sea, 
since  our  knowledge  of  the  sea  is  still  inadequate  for  this 
purpose.  But  the  aim  is  to  determine  comparative  bending 
moments  for  different  sizes  of  geometrically  similar  ships 
in  one  very  severe  sea  condition. 

The  procedure  followed  is  to  make  use  of  the  principle 
of  superposition,  described  in  an  introductory  lecture  at 
this  Seminar,  to  predict  in  statistical  terms  the  expected 
bending  moments  in  an  irregular  storm  sea  for  ifhich  the 
spectrum  is  known.  ^ 


II.  THE  SEA 


The  best  available  storm  sea  data  are  given  in  a 
paper  by  Pierson,^  who  presents  an  analysis  of  records 
taken  by  means  of  a  shipbome  wave  recorder  on  the  British 
Weather  Ship  "Weather  Explorer"  during  an  extratropical 
cyclone  on  November  15-16,  1953.  The  wind  blew  quite 
steadily  for  about  18  hours  at  37-45  knots  and  7  hours  at 
52  knots*  The  height  of  the  storm  was  reached  9  hours 
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later  after  the  %rind  had  blown  at  62  knota  for  4%  houra. 

At  the  time  of  the  analyaia  in  1959  it  waa  believed  that 
these  waves  were  "probably  anong  the  highest  significant 
waves  yet  recorded  by  neans  of  an  instrunent."  The  peak 
of  the  computed  spectrun  was  found  to  be  at  a  wave  length 
of  about  1400  feet,  and  the  longest  significant  wave 
conponent  was  about  2200  feet.  The  waves  reached  a 
significant  height  of  42  feet. 

The  one«dinensional  spectrum  at  the  height  of  the 
atorm  is  shown  in  Fig.  1.  It  is  compared  in  this  figure 
with  the  ideal  Neumann  spectrum  of  a  fully-developed  sea 
produced  by  a  40-knot  wind  blowing  for  at  least  4«  hoursP 
These  curves  indicate  the  distribution  of  wave  energy 
among  the  theoretically  infinite  number  of  %Mve  components 
present  in  the  sea. 

The  fairing  of  the  upper  end  (large )  of  the 
Fieraon  spectrum  was  done  on  the  basis  of  maintaining 
reasonable  wave  slope  values  for  the  short  «Mve  components, 
and  hence  the  curve  falls  below  the  computed  points.  It  ia 
apparent  that  the  cenputation  method  resulted  in  unreasonably  hl|^ 
ealues  here. 

These  spectra  give  no  indication  of  the  direction  of 
the  components  and  hence  of  the  short-crestedness  of  the 
sea.  It  was  necessary,  therefore,  to  apply  a  "spreading 
function"  to  distribute  the  energy  over  a  range  of 
directions  in  a  reasonable  manner.  Available  information^ 
suggested  using  a  relationship  in  which  the  energy  varies 
as  ,  %ihere  «(w  is  the  wave  direction  in  relation  to 

the  wind  direction  (assumed  to  be  constant).  The  factor 
may  be  expressed, 

^  cos^sCm, 

It  leads  to  the  following  factors  by  which  the  one¬ 
dimensional  spectrum  is  to  be  multiplied: 

0®  +20®  +40®  +60®  +80®  +90® 

yif'^w)  .636  .562  .373  .159  .019  0 

It  is  clear  from  this  table  that  most  of  the  wave  energy 
lies  within  ^5o  of  the  wind  direction.  This  seemed 
reasonable  in  relation  to  limited  available  information, 
including  recent  British  results  in  less  severe  seas^ 
but  it  must  be  considered  to  be  tentative. 
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Figure  2  shove  the  observed  62>knoC  spectrum  after 
applying  the  above  spreading  factor.  The  curve  narked 
for  example,  represents  the  total  energy  between 30° 
and  oW  ■  50°.  Integrating  with  respect  to  cCw  %rill  yield 
the  single  curve  of  Fig.  1. 

The  two-dimensional  spectrum  can  also  be  represented 
as  a  contour  plot.  Fig.  3.  Sections  through  this  plot  at 
various  angles  %fiil  yield  the  curves  of  Figure  2. 


111.  RESPONSE  AMPLITUDE  OPERATORS 


Although  considerable  strides  have  been  made  in  the 
computation  of  forces  on  a  body  in  waves,  available 
theoretical  methods  are  not  yet  believed  to  be  satis¬ 
factory,  especially  when  the  effects  of  ship  speed  and 
heading  to  waves  are  to  be  considered.  Comprehensive  and 
consistent  model  tests  in  regular  waves  are  believed  to  be 
most  suitable  for  the  present  purpose. 

The  most  complete  series  of  oblique  seas  model  test 
results  for  bending  oKMnents- appears  to  be  those  reported 
by  Vossers,  et.al,  in  1961.^  All  bending  moments  response 
data  used  in  the  calculations  are  taken  froai  those 
results.  Curves  passing  through  all  test  spots  were  used 
(Figure  4)  rather  than  making  any  attempt  to  fair  out 
humps  and  hollows  in  the  curves. 


IV.  BENDING  MOMENT  SPECTRA 


The  response  asnlitude  operator  for  bending  moments 
is  defined  ^ne  square  of  the  bending 

moment  values  plotted  in  Figure  4.  The  product  of  this 
operator  and  the  directional  component  of  the  sea  spectrum 
at  the  appropriate  wind-to-wave  angle  (  e(.w )  is  the 
bending  moment  spectrum  component, 

(ft.-ton)^-sec. 

A  plot  of  this  operation  for  a  typical  case  (L  ■  600  feet; 
V  ■  16%  knots;  cc^  ■  0°)  is  shown  in  Figure  5,  %ihere  the 
sea  spectrum  component,  bending  moment  response  amplitude 
operator,  and  resulting  bending  moment  spectrum  are 
plotted  against  the  frequency  of  encounter  (  )  and 

wave  length.  Vertical  scales  are  different  for  each  curve. 
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Figure  6  showe  the  bending  nonent  epectrun  conponente 
for  L  ■  600  feet,  V  ■  16%  knots,  at  the  various  wind-to- 
wave  angles. 


V.  BEHDING  HOMENTS 


Integration  of  the  bendina  nonent  spectra  over  the 
significant  frequency  range  and  over  wind-to>wave  angles 
of  -90®  to  *^90®  leads  to  the  cumulative  density  for  bending 
moment,  ’’R'*.  From  values  of  R  for  each  ship  sixe  the 
average  value  of  the  highest  expected  amplitude  of  «pave 
bending  moment  (hog  or  sag)  out  of  a  total  of  M 
oscillations  may  be  calculated  from  the  expression. 


«#here  the  multiplier  C  takes  different  values  depending  on 
the  number  of  oscillations  considered,  For  example: 

Average  Bending  Moment  amplitude  « 

Average  of  1/10  highest  Bending  Moments 

Expected  value  of  highest  B.Mt.  in 

100  oscillations 

Expected  value  of  highest  B.Mt.  in 

1000  oscillations 

Expected  value  of  hiahest  B.Mt.  in 

10,000  oscillations 

The  follo%ring  results  Were  obtained: 

Ship  Length,  Feet  Speed,  Knots  Amplitude  of  Wave 

Bending  Mt., 

_  _ _  _ _ 

Ave.  of  Expected 
1/10  highest  in 

highest  10,000 

cycles 


300 

11.6 

26,000 

45,400 

600 

16% 

296,000 

519,000 

900 

20.2 

1,180,000 

2,060,000 

1200 

23,4 

2,800,000 

4,900,000 

0.866  Vr* 

- 1.80  vr 

-  2.28</r 

-  2.73^8' 

-  3.145Vr 
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The  above  bending  moment  aoiplitudea  do  not  take  into 
account  the  initial  still  water  bending  moment,  but  show 
only  the  effect  of  waves  for  the  particular  weight  distri¬ 
bution  of  the  models  tested.^  In  general  there  was  a  shift 
of  the  mean  value  measured  in  waves  from  the  initial  zero 
bending  moment  for  the  model  at  rest  in  still  water.  This 
resulted  in  part  from  the  wave  formed  by  the  forward 
motion  of  the  ship  and  in  part  from  non-linearity  of  the 
wave  hydrodynamic  forces^  which  usually  results  in  the 
hogging  moment  being  greater  than  sagging.  The  magnitudes 
of  the  zero  shift  in  regular  waves  were  given  for  the  model 
test  results  in  regular  waves. ^  The  effect  of  the  ship's 
own  wave  was  assumed  to  be  the  same  in  irregular  waves  as 
in  calm  water.  The  non-linear  effect  was  computed  for 
irregular  waves  on  the  assumption  that  the  response 
amplitude  operators  at  each  wave  frequency  were  increased 
by  the  amount  of  the  zero  shift  (Fig.  6A).  Using  these 
fictitious  amplitudes  should  lead  to  an  approximately 
correct  prediction  of  hogging  moment  in  irregular  waves, 
but  reduced  fictitious  amplitudes  would  be  necessary  to 
predict  sagging. 

The  corrected  wave  bending  moments  for  hogging  only 
are  then: 

Ship  Length, 

,  ,fgft . 


300 

600 

900 

1200 

VI. 


Speed, 

Amplitude  of  Hogging  B.Mt. 

Knots 

tons  -  ft 

Ave.  o^  Expected  Kighest 

1/10  in  10,000 

highest  cycles 


11.6 

29,600 

50,600 

16.5 

349,000 

590,000 

20.2 

1,407,000 

2,357,000 

23.4 

3,453,000 

5,753,000 

BENDING  MOMENT  TRENDS  WITH  SHIP  SIZE 


We  come  finally  to  the  question  of  comparing  the 
above  computed  bending  moments  with  tentatively  adopted 
standards  for  the  variation  of  %«ave  bending  moment  «rith 
ship  size.  Since  the  usual  procedure  is  to  specify  a 
wave  height  to  be  used  for  static  wave  bending  moment 
calculation,  %#ith  wave  length  equal  to  ship  length,  it 
seems  appropriate  to  convert  the  computed  irregular  wave 
moments  into  effective  or  equivalent  static  wave  heights. 
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Accordingly,  cn  equivalent  wave  height  wee  defined 
ae  followe: 

'***’f*  ^equiv.  “  ®<iuivalent  wave  height 

**celc  >  bending  noaent  calculated  by 

nethods  outlined  above,  including 
still  water  ahead  speed  bending 
■oaient  and  mean  value  shift 
•  quasi-static  bending  moa^nt  in 
ship  length,  ^/20  trochoidal 
waves.  Smith  effect  excluded. 
Values  from  Ref.  5. 

Ntd  »  L/20 


Equivalent  wave  heights  for  the  following  statistical 
measures  of  the  calculated  bending  moments  are  plotted  on 
Figure  7:  average  of  1/10  highest  bending  moment,  highest 
expected  bending  moment  in  1,000  cycles  a^  highest 
expected  moment  in  10,000  cycles.  The  sasMe  figure  also 
includes  other  commonly  used  wave  height-to-length 
relationships  for  comparison. 


Vll.  CONCLUSIONS 


The  results  shown  in  Fig,  7  indicate  that  for  this 
particular  severe  storm  the  effective  wave  height  ialls  off 
more  rapidly  than  the  various  commonly  used  wave  height 
functions.  However,  examination  of  Fig.  1  shows  that  there 
is  a  very  sharp  cut  off  in  wave  energy  at  about *0.3 
for  this  particular  storm  sea.  In  other  words,  there  is 
very  little  energy  in  waves  longer  than  about  2200  feet. 

If  the  wind  had  blown  for  a  longer  tisw  at  62  knots,  we 
would  expect  longer  wave  components  to  develop.  Consequent¬ 
ly,  the  extreme  bending  moments  plotted  in  Fig.  7  «iould 
then  not  drop  off  so  fast  with  length. 

Work  of  John  Oalzell  of  the  Davidson  Laboratory,^  not 
yet  published,  explores  this  matter  further  for  destroyer 
hulls  on  the  assumption  that  ideal  fully-developed  seas 
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can  be  assumed  for  any  wind  velocity.  He  obtains  a 
family  of  curves  similar  to  those  shown  In  Figure  7  for 
different  wind  velocities.  They  all  show  a  tendency  to 
reach  a  awxlmum  and  ultimately  a  reduction  as  length 
Increases.  But  the  point  of  maximum  wave  height  moves  to 
higher  and  higher  wave  lengths  as  the  severity  of  the  sea 
Increases. 

Hence,  we  may  conclude  at  this  point  that  conventional 
trends  of  wave  height  with  length  seem  reasonable,  subject 
to  further  checking  with  records  of  more  severe  seas 
recorded  on  rough  weather  trade  routes.  It  should  be 
noted  also  that  the  effect  of  lateral  bending  moments  on 
deck  edge  stresses  have  not  yet  been  Included. 


Vlll.  SUPPLEMENTARY  DATA 


Since  the  Seminar,  additional  bending  moment  trends 
have  been  obtained.  Flgute  8  shows  the  variation  with 
heading  for  600  foot  ships  of  0.60  and  0.80  block  co¬ 
efficient.  Surprisingly  large  values  were  obtained  In 
beam  seas,  largely  as  a  result  of  the  short-crestednesa  of 
the  sea. 

Figure  9  shows  the  variation  of  bending  moment  with 
ship  speed  and  block  coefficient  In  head  seas.  It  Is 
clear  that  a  speed  reduction  may  reduce  the  wave  bending 
moment  somewhat  when  speed  Is  high,  but  In  other  cases 
may  actually  Increase  It. 

Figure  10  shows  the  wave  bending  moment  variation 
with  ship  length  in  head  seas,  and  includes  all  of  the 
calculated  values  at  the  various  block  coefficients  and 
Froude  numbers.  Mote  that  in  this  graph  the  bending 
moment  scale  is  logarithmic. 

The  bending  moment  values  in  Figures  8,  9  and  10 
represent  the  amplitudes  of  wave  bendina  asments  and  do 
not  specify  the  amount  that  the  mean  values  differ  from 
the  initial  zeros. 
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PiaURE  1.  SPECTRA  OP  THE  SEA  AT  A  FIXED  POINT 


PIOURE  3.  TWO-DIMENSIONAL  SEA  SPECTRUM 


FIGURE  5.  BENDING  MOMENT  SPECTRUM  CCMPONENT  AND  CURVES 
PRCW  WHICH  IT  IS  DERIVED 
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FiaURE  6- A.  METHOD  OF  CORRECTING  FOR  SHIFT  OF  BASE  LINE 
IN  BENDING  MOMENT  RESPONSE  TO  REGULAR  WAVES 
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